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GLOSARIO DE ABREVIATURAS 
 
Abs Absorbancia 
A0 Absorbancia inicial 
AFM Microscopía de fuerza atómica 
BA Acrilato de butilo 
CA Ángulo de contacto 
CRS Espectroscopía Raman Confocal 
γ Energía superficial 
γd Componente dispersiva de la energía superficial 
γp Componente polar de la energía superficial 
DMAN 4-dimetilamino-N-(2-hidroxietil)-1,8-naphtalimida 
DSC Calorimetría diferencial de barrido 
 Desplazamiento de Stokes 
EBA Copolímero de etileno-acrilato de butilo 
EBA-DMAN Copolímero EBA funcionalizado con derivado de DMAN 
EBA-pl-DMAN Copolímero EBA funcionalizado con derivado de DMAN 
tratado con plasma 
EGDMMA Dimetacrilato de etilenglicol 
ET(30) Parámetro de polaridad de disolvente 
 Coeficiente de extinción molar 
F50 Resistencia al impacto 
FE Factor de aumento de la fluorescencia 
HDPE Polietileno de alta densidad 
Hg-MBZN Complejo formado por el mercurio y MBZN 
HOMO Orbital molecular ocupado de más alta energía 
ICT Transferencia de carga intramolecular 
IF Intensidad de fluorescencia 
IF0 Intensidad de fluorescencia inicial 
I2959 Irgacure 2959 
LDPE Polietileno de baja densidad 
LLDPE Polietileno lineal de baja densidad 
LOD Límites de detección 
LUMO Orbital molecular no ocupado de más baja energía 
 Longitud de onda 
MACl Cloruro de metacriloilo 
MBZN N-(2-hidroxietil)-4-(4-(1H-benzo[d]imidazol-2-
il)metil)piperazina-1-il)-1,8-naftalimida 
M-MBZN Membrana funcionalizada con derivado de MBZN 
MCl Membrana con sustituyente cloruro de ácido 
PE Polietileno 
PP Polipropileno 
PET Transferencia electrónica fotoinducida 
pKa Constante de acidez 
pKa* Constante de acidez en el estado excitado 
F Rendimiento cuántico de fluorescencia 
Ra Rugosidad media 
SD Grado de hinchamiento 
TGA Análisis termogravimétrico 
TGA-MS Análisis termogravimétrico acoplado a masas 
Tg Temperatura de transición vítrea   
Tm Temperatura de fusión 
T5 Temperatura a la que se produce el 5% de pérdida de peso  
 
  
T10 Temperatura a la que se produce el 10% de pérdida de peso 
VP Vinilpirrolidona 
Wd Peso de membrana en seco 
Ws Peso de membrana en mojado 
XHg2+ Fracción molar de mercurio 




La detección y cuantificación de especies químicas o analitos son algunos de los desafíos clave en la 
investigación química, especialmente en el área medioambiental, donde la detección de contaminantes 
mediante técnicas sencillas, rápidas y económicas siempre ha sido de gran importancia. 
Si bien las técnicas analíticas tradicionales permiten la detección y cuantificación selectiva y precisa 
de las especies químicas, estas técnicas consumen mucho tiempo, y además requieren equipos 
sofisticados y costosos. Como alternativa de gran interés, los sensores químicos, en particular los 
sensores fluorescentes,  han adquirido gran popularidad en los últimos años. 
Para que las aplicaciones prácticas del sensor sean óptimas surge la necesidad de incorporarlo a un 
soporte sólido. Los materiales polímeros reúnen una serie de características que hacen que sean 
adecuados para ser empleados como soportes sólidos de las moléculas sensores. 
La modificación química o física de polímeros constituye en la actualidad un campo de investigación 
de enorme importancia para obtener nuevos materiales y que presenta un gran interés desde el punto 
de vista tecnológico y económico. La modificación y funcionalización de polímeros es una vía 
alternativa a la síntesis directa que permite obtener polímeros para aplicaciones específicas. 
El objetivo de la presente Tesis Doctoral ha sido la preparación de nuevos materiales poliméricos de 
alto valor añadido como sensores sólidos fluorescentes. Para ello se han empleado dos metodologías. 
En el Capítulo 2, se ha llevado a cabo la modificación superficial del copolímero de etileno-acrilato de 
butilo (EBA) a través de una secuencia de reacciones en fase heterogénea mediante radiación 
microondas. El sustrato modificado contiene grupos reactivos para su posterior funcionalización. En 
los Capítulos 3 y 4, se han preparado hidrogeles por fotopolimerización-fotoentrecruzamiento con 
características de hinchamiento en agua controladas (30%) y también portadores de grupos reactivos. 
Se ha sintetizado una serie de sensores fluorescentes basados en derivados de 1,8-naftalimidas 
portadores de grupos adecuados para la reacción con los sustratos poliméricos. Estos derivados se han 
sintetizado mediante radiación microondas, obteniéndose mejores rendimientos y a tiempos de 
reacción más cortos, en comparación con la metodología de calentamiento convencional. 
A continuación se procedió a la funcionalización de los polímeros reactivos en estado sólido con los 
derivados de 1,8-naftalimida, obteniéndose materiales de buenas propiedades ópticas y mecánicas. 
El material funcionalizado EBA, ha sido tratado con plasma de oxígeno para mejorar sus propiedades 
de hidrofilia y conseguir así un comportamiento adecuado en medios acuosos. 
Los sensores sólidos fluorescentes se estudiaron en medios acuosos y se caracterizaron de forma 
comparativa con respecto a los fluoróforos libres en disolución. Se han obtenido así sensores sólidos 
 
  
reversibles de pH (en superficie y en bloque) y un sensor de coordinación, también reversible, para la 




Capítulo 1. Introducción. 
1.1 Modificación de polímeros .......................................................................................... 1 
1.2 Poliolefinas .................................................................................................................. 3 
1.2.1 Introducción .......................................................................................................... 3 
1.2.2 Funcionalización química ..................................................................................... 6 
1.2.3 Funcionalización mediante tratamientos físicos. Modificación superficial 
inducida por plasma ............................................................................................................ 7 
1.3 Redes poliméricas fotoentrecruzadas ......................................................................... 11 
1.3.1 Introducción ........................................................................................................ 11 
1.3.2 Polimerización radical fotoiniciada. Obtención de redes poliméricas para 
posterior funcionalización ................................................................................................ 14 
1.4 Modificación química de polímeros con radiación microondas ................................ 16 
1.5 Fluorescencia. Aspectos básicos. ............................................................................... 18 
1.6 Sensores ..................................................................................................................... 21 
1.7 1,8-naftalimidas. Transferencia electrónica fotoinducida (PET) y transferencia de 
carga intramolecular (ICT) ................................................................................................... 26 
1.8 Polímeros como sensores químicos fluorogénicos y cromogénicos. ......................... 32 
 
Capítulo 2. Surface modification of poly (ethylene-butyl acrylate) copolymers by 
microwave methodology and functionalization with 4-dimethylamino-n-(2-
hydroxyethyl)-1,8-naphthalimide for acidity sensing. 
2.1 Abstract ...................................................................................................................... 39 
2.2 Introduction ................................................................................................................ 40 
2.3 Experimental .............................................................................................................. 41 
2.3.1 Materials and reagents and film preparation ...................................................... 41 
2.3.2 Spectroscopic characterization ........................................................................... 42 
2.3.3 pH measurements and spectroscopic detection of acid in solution and vapors .. 43 
 
  
2.3.4 Microwave equipment........................................................................................ 43 
2.3.5 Plasma treatment and characterization by contact angle measurements and 
atomic force microscopy .................................................................................................. 44 
2.3.6 Surface modification of EBA films by hydrolysis (EBA-COOH) and acid 
chlorination (EBA-COCl) ................................................................................................ 44 
2.3.7 Functionalization of EBA-COCl with DMAN .................................................. 45 
2.3.8 Synthesis of N-(2-hydroxyethyl)- 4-dimethylamino-1,8-naphthalimide ........... 45 
2.4 Result and discussion ................................................................................................ 46 
2.4.1 Synthesis of the N-(2-hydroxyethyl)- 4-dimethylamino-1,8-naphthalimide ..... 46 
2.4.2 Microwave assisted surface hydrolysis, acid chlorination and functionalization 
of EBA with naphthalimide groups ................................................................................. 48 
2.4.3 Depth profiling of the functionalization by Confocal Raman Spectroscopy (CRS) ..... 50 
2.4.4 Influence of pH on the absorption and fluorescence properties of DMAN and 
EBA-DMAN .................................................................................................................... 52 
2.4.5 Plasma treatment of EBA-DMAN films and characterization ........................... 55 
2.4.6 Plasma treatment of EBA-DMAN films and response time to acid media ....... 57 
2.5 Conclusions ............................................................................................................... 60 
2.6 References ................................................................................................................. 61 
 
Capítulo 3. Fluorescence sensors obtained by functionalization of photocrosslinked 
water-swollen acrylic membranes with 4-piperazine naphthalimide derivatives. 
3.1 Abstract ..................................................................................................................... 65 
3.2 Introduction ............................................................................................................... 66 
3.3 Experimental ............................................................................................................. 68 
3.3.1 Materials and reagents ....................................................................................... 68 
3.3.2 Spectroscopic characterization and thermal analysis ......................................... 68 
3.3.3 Swelling Ratio and water contact angle measurements ..................................... 69 
3.3.4 Microwave and UV irradiation equipments ....................................................... 70 
3.3.5 Membrane preparation by photopolymerization (M-Cl) and functionalization 
with HO-piperazine-naphthalimide derivatives ............................................................... 70 
 3.3.6 Synthesis of the naphthalimide derivatives ........................................................ 71 
3.3.7 pH measurements ............................................................................................... 77 
3.4 Results and discussion ............................................................................................... 78 
3.4.1 Synthesis of naphthalimide derivatives .............................................................. 78 
3.4.2 Membrane preparation, functionalization with piperazine naphthalimides 
sensors and characterization ............................................................................................. 79 
3.4.3 Effect of pH on the absorption and fluorescence properties of piperazine 
naphthalimides derivatives and membranes ..................................................................... 82 
3.4.4 Response time to pH of the functionalized membranes ..................................... 88 
3.5 Conclusions ................................................................................................................ 90 
3.6 References .................................................................................................................. 91 
 
Capítulo 4. A Switchable fluorescence solid sensor for Hg
2+
 detection in aqueous 
media based on a photocrosslinked membrane functionalized with 
(benzimidazolyl)methyl-piperazine derivative of 1,8-naphthalimide. 
4.1 Abstract ...................................................................................................................... 95 
4.2 Introduction ................................................................................................................ 96 
4.3 Experimental .............................................................................................................. 97 
4.3.1 Materials and reagents ........................................................................................ 97 
4.3.2 Spectroscopic characterization and thermal analysis ......................................... 98 
4.3.3 Swelling Ratio and pH measurements ................................................................ 99 
4.3.4 Microwave and UV irradiation equipment ......................................................... 99 
4.3.5 Synthesis ............................................................................................................. 99 
4.3.6 Membrane preparation by photopolymerization (M-Cl) and functionalization 
with N-(2-hydroxyethyl)-4-(4-(1H-benzo[d]imidazol-2-yl)methyl)piperazine-1-yl)-1,8-
naphthalimide (M-MBZN) ............................................................................................. 100 
4.4 Results and discussion ............................................................................................. 101 
4.4.1 Synthesis of MBZN, preparation of M-MBZN membrane and characterization .. 101 
4.4.2 Spectroscopic characteristics of MBZN and M-MBZN. Effect of pH. ............ 102 
4.4.3 Sensitivity of MBZN and M-MBZN in Hg
2+
sensing ....................................... 104 
 
  
4.4.4 Binding mode MBZN with Hg
2+
 ion, reversibility and pH stability of the 
MBZN-Hg   complex ..................................................................................................... 105 
4.4.5 Selectivity of M-MBZN membrane sensor to Hg
2+ 
with various cations and time 
response to detection ...................................................................................................... 107 
4.5 Conclusions ............................................................................................................. 108 
4.6 References ............................................................................................................... 109 
 
Capítulo 5. Conclusiones..................................................................................................117 
 




El objetivo de la presente Tesis Doctoral es la preparación de nuevos materiales poliméricos de alto 
valor añadido para su aplicación como sensores fluorescentes sólidos, a partir de copolímeros de 
etileno-acrilato de butilo (EBA) comerciales y de membranas hidrofílicas fotoentrecruzadas 
sintetizadas en este Trabajo.  
Para ello se plantean como objetivos concretos: 
 Modificación estructural o de superficie de polímeros y formulaciones, mediante las técnicas 
de Radiación Microondas, y Tratamiento con Plasma de Radiofrecuencia. 
 Síntesis y caracterización de nuevas estructuras de fluoróforos derivadas de la 1,8-naftalimida 
con sustituyentes adecuados para la funcionalización. 
 Estudio fotofísico de los fluoróforos en disolución en diferentes medios. 
 Obtención de polímeros sensores con posibilidades de aplicación para la detección y/o 
seguimiento reversible por fluorescencia de ácidos, metales, contaminantes, etc. 
En definitiva, con los objetivos propuestos se pretende el desarrollo de nuevos materiales con 


































1   Introducción 
1.1 Modificación de polímeros 
La modificación química o física de polímeros constituye en la actualidad una vía alternativa a la 
síntesis directa para obtener nuevos polímeros y presenta una alta viabilidad desde el punto de vista 
tecnológico y económico. Se ha hecho un gran esfuerzo en llevar a cabo las reacciones de 
modificación de polímeros en condiciones respetuosas con el medio ambiente, por ejemplo libres de 
disolventes como es el caso de las reacciones en estado fundido o en condiciones suaves como son las 
reacciones en fase heterogénea que se realizan a baja temperatura. Sin embargo, el área de la 
modificación de polímeros es mucho más amplia que estas reacciones mencionadas y puede realizarse 
en forma superficial o en el polímero en bloque tanto en fundido como en disolución
1
. 
La reacción de modificación de polímeros más difundida y clásica es la de entrecruzamiento o 
vulcanización con la que se transforma un material a veces inservible en uno con propiedades 
excelentes. Con las reacciones de entrecruzamiento de polímeros se consiguen materiales con 
propiedades importantes como son la estabilidad dimensional, la resistencia al calor y a disolventes, 
así como una mejora drástica en las propiedades mecánicas. Actualmente, la modificación de 
polímeros representa un área de investigación muy activa y que se orienta a transformaciones muy 
diversas como pueden ser reacciones de polimerización, funcionalización por injerto, obtención de 
copolímeros, degradaciones controladas, etc. En todos los procesos de modificación de polímeros el 
objetivo es conseguir dotar al material inicial de propiedades específicas y de alto valor añadido. 
Pueden mencionarse como áreas de especial relevancia dentro de la modificación de polímeros la 
obtención de nuevos materiales para aplicaciones biomédicas y farmacéuticas, también polímeros con 
procesabilidad o reciclabilidad mejorada, de estructura controlada con funcionalidades superficiales, 
terminales de cadena o en bloque, siempre con el objetivo de obtener materiales con propiedades 
avanzadas.  
Se puede clasificar en dos grandes grupos la funcionalización de los materiales poliméricos: 
 Funcionalización química en bloque (en disolución, en fase heterogénea y en fundido) o en 
superficie (en estado sólido). Las reacciones de funcionalización se pueden llevar a cabo 
durante el proceso de polimerización si uno de los monómeros que interviene está 
funcionalizado (polimerización directa). En ocasiones la funcionalización directa no es posible 
debido a que cierta funcionalidad puede interferir en la polimerización. En este caso, la 
funcionalización post-polimerización es un método preferible y ampliamente utilizado, donde 
el copolímero es portador de un comonómero que contiene grupos reactivos para la 
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funcionalización. Cuando es difícil obtener el material deseado por cualquiera de los dos 
métodos anteriores, se recurre a la funcionalización mediante reacciones de injerto. 
 Funcionalización empleando tratamientos físicos, generalmente en superficie. Entre estos 
tratamientos cabe destacar plasma, radiación-γ, UV, ionización a la llama y corona, haces de 
electrones. Después del tratamiento físico puede tener lugar una funcionalización covalente o 


















Figura 1. Esquema general de las diferentes vías de funcionalización de polímeros. 
 (GR–grupo reactivo, GF–grupo funcional) 
 
En este Trabajo, se ha llevado a cabo la modificación superficial del copolímero comercial de etileno-
acrilato de butilo (EBA) con una sonda fluorescente derivada de la naftalimida mediante la realización 
de una secuencia de reacciones químicas y posterior tratamiento con plasma para mejorar sus 






tercera publicaciones se han sintetizado membranas poliméricas fotoentrecruzadas a partir de una 
combinación de monómeros, hidrófilo, hidrófobo y difuncional, que incluye además un comonómero 
reactivo que permite la posterior funcionalización. En estos dos trabajos de la presente Tesis las 
membranas fotoentrecruzadas se han funcionalizado con nuevas sondas fluorescentes derivadas de 
1,8-naftalimidas previamente sintetizadas. La síntesis de los derivados de naftalimida ha constituido 
una parte importante de la presente Tesis, habiéndose abordado la síntesis de los productos orgánicos 





Las poliolefinas, principalmente el polietileno (PE), el polipropileno (PP) y sus copolímeros, 
representan casi la mitad de los polímeros comerciales producidos en el mundo
2
. Estos polímeros 
termoplásticos combinan una serie de propiedades como baja densidad, estabilidad química, 
resistencia mecánica, facilidad de procesado y reciclado, lo que hace que se hayan introducido en una 
gran diversidad de aplicaciones. 
El polietileno, que fue descubierto fortuitamente en Reino Unido en 1933, es la poliolefina más 
sencilla desde el punto de vista de su estructura química, pero es muy complejo debido a la variedad 
estructural y por tanto de propiedades a las que puede dar lugar según sus procesos de obtención. 
En función del contenido en ramificaciones, se pueden clasificar los tipos de polietileno en tres 
grandes grupos: 
 Polietileno de alta densidad (HDPE - High Density Polyethylene). Formado por cadenas 
lineales que presentan un grado de ramificación bajo, 0.5-2.5 ramificaciones por cada 1000 
carbonos, contribuyendo a una cristalinidad elevada. Su densidad se encuentra entre 0.94 y 
0.97 g/cm
3
. Este tipo de polietileno se obtiene mediante procesos de polimerización a bajas 
presiones, utilizando catalizadores de coordinación, proceso Ziegler-Natta o mediante 
procesos de polimerización a presiones medias, con catalizadores de óxidos metálicos, proceso 
Phillips. 
 Polietileno de baja densidad (LDPE - Low Density Polyethylene). Estos polietilenos presentan 
20-30 ramificaciones de distintas longitudes por cada 1000 carbonos, lo que dificulta la 








cristalización. La densidad de estos polímeros oscila entre 0.90 y 0.94 g/cm
3
. Se obtiene por 
procesos de polimerización a alta presión empleando peróxidos, proceso ICI. 
 Polietileno lineal de baja densidad (LLDPE – Linear Low Density Polyethylene). Las cadenas 
lineales presentan ramificaciones cortas. Su densidad está comprendida entre 0.90 y 0.94 
g/cm
3
. Estos polietilenos se pueden obtener empleando catalizadores Ziegler-Natta mediante 
copolimerización de etileno con α-olefinas, especialmente con 1-buteno, 1-hexeno y 1-octeno. 
A principios de la década de 1980, el descubrimiento de catalizadores de metaloceno
3,4
 proporcionó 
una nueva era en la industria de las poliolefinas, así como una nueva oportunidad para desarrollar 
nuevas estructuras de poliolefinas. Además de sus actividades catalíticas superiores, la principal 
ventaja del catalizador de metaloceno es su centro activo único, bien definido y el mecanismo de 
reacción asociado y bien controlado. Varios copolímeros de PE y PP que contienen comonómeros 
grandes se prepararon eficazmente con alto peso molecular, una amplia gama de composiciones de 
copolímeros, y distribuciones de peso molecular y composición estrechas
5
. 
El polietileno es un polímero semicristalino. Parte de sus macromoléculas son capaces de 
empaquetarse para dar lugar a una red tridimensional ordenada. Por otro lado, las largas cadenas junto 
con la presencia de ramificaciones laterales, conduce a ovillamientos moleculares que restringen dicho 
ordenamiento cristalino. De este modo, cuanto mayor sea el número de ramificaciones y/o defectos 
estructurales, así como el contenido de comonómero en los copolímeros de etileno menor será la 
cristalinidad del polímero resultante.  
El polietileno tiene una temperatura de fusión relativamente baja, que varía en función de las 
condiciones de cristalización, el peso molecular y el grado de ramificación. La temperatura de fusión 
de los polietilenos de alta densidad se encuentra entre 130-135 ºC, mientras que en el caso de los 
polímeros de baja densidad se encuentra entre 106-115 ºC. 
Los copolímeros de etileno de mayor interés son los que se obtienen con monómeros polares o con 
poliolefinas. Debido a su excelente procesabilidad, flexibilidad y compatibilidad con otros polímeros, 
aditivos y cargas, en este Trabajo se ha seleccionado el copolímero con acrilato de butilo (EBA) con 
un 7% de contenido de acrilato de butilo. Dichas propiedades hacen que estos copolímeros sean 
adecuados como filmes para envasado y cubiertas de invernadero, cables, o espumas microcelulares, 
entre otros. 
 
                                                          
3
 H. Sinn, W. Kaminsky, “Zieggler-Natta catalysis” Adv. Organomet. Chem. 18 (1980) 99-149. 
4
 E. T. Kiesewetter, S. Randall, M. Radlauer, R. M. Waymouth, “Stereospecific octahedral group 4 
bis(phenolate) ether complexes for olefin polymerization” J. Am. Chem. Soc. 132 (2010) 5566-5567. 
5
 M. Chung, “Functionalization of polypropylene by the combination of metallocene catalysts and reactive 











Figura 2. Estructuras químicas de polietileno y copolímero etileno-acrilato de butilo.  
 
Estos materiales de EBA pueden ser procesados en un intervalo de temperatura más amplio que el de 
otras poliolefinas, debido a la excelente estabilidad térmica que presentan (pueden ser procesados a 
temperaturas de hasta 200 ºC). Además, tienen mejores propiedades ópticas y son más resistentes a la 
luz UV comparado con el LDPE. 
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Tabla 1. Características generales del polietileno de baja densidad y del copolímero etileno-acrilato de 




Unidad LDPE EBA 7% Método 
Indice de fluidez 
(190°C 2.16 Kg) 
g/10 min 0.3 0.5 ISO 1133 
Densidad a 23°C Kg m
-3 
921 924 ISO 1183 
Temperatura de 
fusión (Tm) 
°C 110 105 ISO 306 
Filme 
Espesor µm 200 125 Interno 
Resistencia al 
impacto (F50) 
g 900 >850 ISO 7765-1 
Resistencia al 
rasgado (DM/DT) 
N 750/1100 750/850 ISO 6483-2 
Resistencia a la 
tracción en rotura 
MPa 19/20 24/25 ISO 527-3 
Alargamiento en el 
punto de rotura 
% 650/730 680/710 ISO 527-3 




1.2.2 Funcionalización química 
La naturaleza inerte de las poliolefinas ha hecho que su funcionalización sea un tema de investigación 
muy importante tanto a nivel académico como industrial
7 , 8
. Con la condición de conservar sus 
propiedades térmicas y mecánicas, la funcionalización de las poliolefinas permite la introducción de 
grupos funcionales mejorando sus prestaciones. 
Como ya se ha comentado, existen tres métodos para abordar el desafío de funcionalización en los 
polímeros, que son: polimerización directa con monómero funcional, post-polimerización a través de 
comonómero reactivo que puede prepararse eficazmente y luego convertirse selectivamente en grupos 
funcionales bajo condiciones de reacción suaves, y reacciones específicas de injerto. 
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El método de funcionalización más directo y sencillo es la copolimerización. Sin embargo, este 
proceso
9
 tiene industrialmente inconvenientes por la alteración que supone la presencia de un 
comonómero en la eficiencia catalítica de la síntesis de poliolefinas. En la industria, la producción de 
copolímeros tradicionales poliolefinicos está muy optimizada y los productores son reacios a 
introducir en sus procesos monómeros específicos que serían los interesantes para su posterior 
funcionalización.  
Como alternativa a la copolimerización directa, el método de funcionalización post-polimerización a 
través de comonómero reactivo permite obtener de una manera eficaz poliolefinas funcionalizadas
10
 
tras la transformación química de los grupos reactivos en grupos funcionales. El comonómero reactivo 
debe tener una reactividad comparable a la del monómero principal y el grupo reactivo debe 
reaccionar fácilmente bajo condiciones suaves de reacción. Sin embargo, si se trabaja con altas 
concentraciones de grupos funcionales, se producirá la pérdida de las propiedades iniciales de las 
poliolefinas, tales como, punto de fusión y cristalinidad. 
El método de funcionalización mediante reacciones de injerto
11,12
 consiste en la unión covalente de 
grupos funcionales sobre la cadena macromolecular de la poliolefina, mediante su empleo puede 




1.2.3 Funcionalización mediante tratamientos físicos. Modificación superficial inducida por 
plasma 
En general, la mayoría de las superficies poliméricas son de naturaleza inerte e hidrófoba, y 
usualmente tienen una baja energía de superficie. Por lo tanto, no poseen las propiedades de superficie 
específicas necesarias en diversas aplicaciones, y sus superficies deben tratarse para lograr este fin. 
Los tratamientos físicos en general se emplean para diferentes aplicaciones, como son, la 
funcionalización, la limpieza, el grabado y el recubrimiento sobre la superficie. La funcionalización de 
                                                          
9
 A. Nakamura, S. Ito, K. Nozaki, “Coordination-insertion copolymerization of fundamental polar monomers” 
Chem. Rev. 109 (2009) 5215-5244. 
10
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dicyclopentadiene) copolymers and a study on their post-polymerization epoxidation” Polym. Bull. 70 (2013) 
117-129. 
11
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anhydride:melt grafting, characterization and mechanism” Inter. J. Chem. Eng. Appl. 5 (2014) 117-122. 
12
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la superficie se utiliza para modificar la capa superficial de un polímero insertando algunos grupos 
funcionales con el fin de mejorar su humectabilidad, sellabilidad, capacidad de impresión, absorción 
del tinte, su resistencia a la cristalización o adhesión a otros polímeros o metales, mientras mantiene 
las deseables propiedades del seno del material
13,14
. La funcionalización de la superficie también se 




Aunque la modificación superficial de los polímeros se puede realizar mediante métodos químicos o 
físicos, los métodos físicos ofrecen algunas ventajas sobre los métodos químicos. La primera ventaja 
notable de los métodos físicos es la capacidad de proporcionar una modificación de superficie más 
precisa sin el requisito de un control riguroso del proceso. Además, permiten la introducción de gran 
variedad de grupos funcionales en un solo paso, son métodos sencillos y limpios. Entre las desventajas 
que conllevan hay que destacar que estos tratamientos requieren equipos costosos, y que las 
propiedades ópticas de los materiales poliméricos pueden verse afectadas. 
Mientras los métodos físicos son los más aplicados en la industria por su buena relación precio-
eficacia, desde el punto de vista académico son más interesantes los métodos químicos porque se 
obtienen resultados más uniformes y mejor definidos. 
Los métodos físicos de modificación de la superficie más usados son: 
 Plasma16 
 Radiación γ17 
 Radiación UV18 
 Ionización a la llama19 
 Descarga en corona20 
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 Haces de electrones21 
La modificación superficial de los materiales orgánicos por exposición al plasma ha sido de  gran 
interés desde finales de 1950 y principios de 1960
22
. Un plasma es un estado gaseoso complejo de 
materia constituido por radicales libres, electrones, iones, etc., y formado cuando un gas inerte o 
reactivo que se encuentra a presión reducida se somete a la acción de descargas eléctricas, oscilaciones 
electromagnéticas de frecuencia elevada, ondas de choque, radiaciones de alta energía, etc. 
Las funcionalidades que aparecen en los materiales polímeros después del tratamiento con plasma 
pueden variar en función de los parámetros de operación, como la naturaleza y el caudal de flujo del 
gas precursor, la presión y la temperatura dentro de la cámara, la potencia y el tiempo de exposición de 
la muestra
23
. Pero sobre todo los gases precursores seleccionados en los tratamientos con plasma son 
el factor determinante para la funcionalización del material. A continuación, se muestran algunos 
ejemplos:  
 Destrucción de impurezas de la superficie de un polímero. Para ello, se utiliza un gas inerte 
como el argón o el neón. 
 Introducción de grupos funcionales en la superficie del polímero. En este caso, se usan gases 
reactivos. Por ejemplo, los plasmas de aire, oxígeno y vapor de agua introducen grupos 
funcionales que contienen oxígeno (carboxilo, -COOH e hidroxilo, -OH). Los plasmas de 
nitrógeno o amoníaco se usan para introducir grupos que contienen nitrógeno (amina, -NH2). 
 Deposición de recubrimientos poliméricos delgados sobre la superficie de otro polímero24. 
Para ello, el plasma debe ser generado a partir de monómeros orgánicos gaseosos, los cuales 
se depositan en la superficie y polimerizan formando una capa uniforme y resistente. 
 
Una de las principales ventajas que ofrece el plasma frente a los métodos químicos húmedos es que no 
implica la utilización de disolventes tóxicos o corrosivos, en consecuencia, el interés industrial en el 
plasma continúa en aumento ya que es un tratamiento respetuoso con el medio ambiente
25,26
. Además, 
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Sin embargo, en los tratamientos con plasma preocupa especialmente el efecto de  envejecimiento 
superficial. Los grupos funcionales generados no son estables con el tiempo ya que la superficie del 
polímero tratado con plasma de alta energía tiende a "relajarse" y volver a su estado no tratado. Los 
principales procesos responsables del envejecimiento superficial son la reorientación de los grupos 
polares en la superficie y la movilidad de pequeños fragmentos de polímero por migración en la matriz 
del polímero. Otros factores que influyen en el envejecimiento son las condiciones de 
almacenamiento, la humedad, la temperatura, etc.  
Hay que señalar que la limpieza exhaustiva de la cámara del plasma después de su uso es muy 
importante, especialmente si se cambia el gas precursor, para evitar procesos contaminantes
28
. 
En cuanto a la caracterización de las superficies tratadas con plasma, las medidas de ángulo de 
contacto (CA) empleando agua como líquido de contacto proporcionan información sobre las 
propiedades hidrofílicas de la superficie del material. Las técnicas basadas en espectroscopía de 
electrones y de iones son más adecuadas para establecer la morfología superficial y determinar la 
composición y la distribución espacial de los componentes. Entre estas técnicas destacan: 
espectroscopía infrarroja de transformada de Fourier en combinación con la reflexión total atenuada 
(ATR-FTIR) que da información acerca de la naturaleza de las especies formadas tras el tratamiento 
con plasma, espectroscopía fotoelectrónica de rayos X (XPS) y espectroscopía de masas de ión 
secundario estático (SIMS). Las técnicas de imágenes son también de especial interés en el análisis de 
superficies, como la microscopía electrónica de barrido (SEM) que proporciona imágenes de alta 
resolución de la superficie y la microscopía de fuerza atómica (AFM) que aporta información sobre la 
topografía y rugosidad del material. 
En este Trabajo, los filmes de EBA ya funcionalizados han sido sometidos a tratamiento de plasma de 
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1.3 Redes poliméricas fotoentrecruzadas  
1.3.1 Introducción 
Los geles poliméricos consisten en un conjunto de cadenas de polímeros entrecruzadas entre sí 
formando redes tridimensionales y una fase líquida que hincha la red (agua o disolventes orgánicos). 
Los geles poliméricos poseen tanto las propiedades cohesivas de los sólidos, como las propiedades de 
transporte difusivo de los líquidos. Los geles son blandos, desde el punto de vista elástico y altamente 
activos, desde el punto de vista osmótico. Esta dualidad es la que confiere a los geles sus interesantes 
propiedades de absorción y reológicas que son la base de numerosas aplicaciones importantes. 
Los geles poliméricos se pueden clasificar en función del tipo de entrecruzamiento que crea la red 
tridimensional (geles físicos o químicos). En los geles químicos las conexiones tienen lugar mediante 
enlaces covalentes, mientras que en los geles físicos la unión entre cadenas tiene lugar mediante 
interacciones de van der Waals. También se pueden clasificar en función de la naturaleza del polímero 
(geles de biopolímeros o de polímeros sintéticos), en función de la forma y tamaño de la configuración 
del gel (macro y microgeles) y en función del tipo de disolvente. 
De interés particular son los hidrogeles, es decir, geles poliméricos que se hinchan extensivamente en 
agua
29
. Estos materiales poseen muchas propiedades específicas que los hacen atractivos para una 
amplia gama de aplicaciones. Su capacidad de contener agua, estabilidad en medios acuosos y 
suavidad, hace que los hidrogeles sean compatibles con sistemas biológicos y así se propusieron para 
diferentes aplicaciones biomédicas tales como ingeniería de tejidos, adhesión celular o liberación 
controlada de fármacos
30 , 31 , 32 , 33 , 34
. También es muy conocida su utilización como soporte para 
moléculas activas, geles para el cabello o los modernos desarrollos de sistemas inteligentes que 
responden a diferentes tipos de estímulos. 
En el presente Trabajo se han preparado unos hidrogeles acrílicos de grado de hinchamiento 
controlado al objeto de que los materiales hinchados en agua mantuvieran una estabilidad dimensional 
adecuada para permitir su empleo como sensores ópticos. La estructura química de los hidrogeles 
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poliméricos así como la de los preparados en este Trabajo se diseña a partir de los siguientes 
componentes: 
 Monómero hidrófilo: Es el bloque de construcción dominante de la estructura del polímero y 
puede diferir sustancialmente, en particular, entre los hidrogeles de origen biológico y 
sintético. Los polímeros típicos de origen biológico son polipéptidos, polinucleótidos y 
polisacáridos. En los hidrogeles sintéticos, una gran fracción se basa en derivados de vinilo 
con dobles enlaces olefínicos que pueden experimentar polimerización por radicales para 
formar la cadena principal del polímero. Algunos ejemplos característicos son poli(ácido 
acrílico) o poli(ácido metacrílico), poliacrilatos o polimetacrilatos, poliacrilamidas o 
polimetacrilamidas, polialcohol vinílico, polivinilpirrolidona y sus copolímeros 
correspondientes. Otros ejemplos de tipos de polímeros sintéticos para hidrogeles son 
poliéteres, poliuretanos y polietilén glicol. En el presente Trabajo se ha empleado como 
monómero principal la polivinilpirrolidona. 
 Comonómero hidrófobo: En los casos en que se requiere un control del grado de hinchamiento 
de los hidrogeles en agua, se emplea un segundo comonómero hidrofóbico al objeto de 
obtener un balance de propiedades hidrófilo-hidrófobo. En el presente Trabajo se ha empleado 
el acrilato de butilo.  
 Entrecruzante: El entrecruzante o agente de reticulación se define como la entidad molecular a 
la que se pueden unir tres o más cadenas para formar un punto de reticulación y convertir el 
polímero en una red. El contenido y naturaleza del agente de reticulación en la composición 
del hidrogel tiene una gran influencia en las propiedades mecánicas y en el grado de 
hinchamiento del material. Algunos ejemplos de entrecruzantes son dimetacrilato de 
etilenglicol, dimetacrilato de 1,6-hexanodiol o N, N'-metilenbisacrilamida. En este Trabajo se 
ha empleado el dimetacrilato de etilenglicol.  
 Monómero reactivo: También en la estructura del hidrogel se pueden incorporar monómeros 
con grupos funcionales, que poseen propiedades específicas para permitir una modificación 
química posterior del hidrogel o proporcionar a la red propiedades funcionales adicionales. 
Algunos ejemplos de grupos funcionales son grupos ácido carboxílico, amino e hidroxilo, que 
son intrínsecamente parte del polímero o pueden introducirse posteriormente en el hidrogel 
después de la formación de la red. En el presente Trabajo se ha empleado como comonómero 


















































Aunque los hidrogeles pueden prepararse por métodos de polimerización convencionales (calor, 
interacción iónica y redox), la fotopolimerización-fotoentrecruzamiento constituye un procedimiento 
alternativo de gran interés aplicado
35,36
. 
En la Figura 3 se muestra un esquema de la preparación de una red tridimensional por 
fotopolimerización-fotoentrecruzamiento constituido por los diferentes monómeros comentados 
anteriormente y de estructura genérica similar a los preparados en esta Tesis. 
 












Figura 3. Síntesis fotoquímica de red tridimensional entrecruzada a partir de una composición 
específica de monómeros y posterior funcionalización. 
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1.3.2 Polimerización radical fotoiniciada. Obtención de redes poliméricas para posterior 
funcionalización 
En comparación con los métodos de polimerización convencionales, las reacciones de  
fotopolimerización presentan numerosas ventajas
37
, que incluyen: 
 rápida cinética de reacción. 
 control espacio-temporal sobre el proceso de polimerización. 
 procesabilidad a temperatura ambiente, sin necesidad de grandes requerimientos de energía. 
 utilización de sistemas que no necesitan disolventes. 
 tiene lugar en un solo paso. 
 los requerimientos de pureza son menores. 
Por todo ello, la fotopolimerización tiene una gran implantación industrial
38
, y sus aplicaciones en uso 
cumplen una amplia gama de sectores de actividad, tales como Electricidad y Electrónica (fabricación 
de circuitos impresos e integrados), Artes gráficas (planchas de impresión, tintas de fotosecado 
rápido), Óptica (lentes de contacto), Medicina (empaste dentales y prótesis), Recubrimientos 
(barnices, lacas y pinturas).   
La polimerización radical fotoiniciada es una reacción en cadena iniciada mediante irradiación directa 
de una molécula denominada fotoiniciador, creándose un estado excitado a partir del cual se 
desencadena la rotura de enlaces y la formación de radicales primarios. Los radicales formados 
reaccionan con las moléculas de monómero, generando macrorradicales cuyo crecimiento termina 
mediante reacciones de combinación o desproporción en la etapa final de polimerización, dando lugar 
a cadenas de polímero terminadas
39
. 
Cuando se diseña un sistema de fotopolimerización la elección del fotoiniciador es fundamental para 
la eficiencia de polimerización. En su elección hay que considerar que el espectro de absorción del 
fotoiniciador debe solapar con el espectro de emisión de la fuente de luz utilizada y que su eficiencia 
en la generación de radicales libres sea elevada en el medio y condiciones de reacción. La 
concentración del fotoiniciador y su absorción en el espesor de material a fotopolimerizar o camino 
óptico (ley de Lamber-beer) son también consideraciones fundamentales para las aplicaciones.  
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De acuerdo con los mecanismos de generación radical, los fotoiniciadores radicales se pueden dividir 
en dos categorías
40
: fotoiniciadores de fragmentación (Tipo I) y sistema de fotoiniciación bimolecular 
(Tipo II). En el caso de los fotoiniciadores de Tipo I (Fig. 4(a)), se producen radicales por ruptura 
homolítica del enlace, por lo que es necesario que el enlace sea débil y que su energía de disociación 
sea inferior a la energía del estado excitado reactivo, aunque lo suficientemente alta para que el 
producto sea estable térmicamente. Ejemplos de fotoiniciadores de fragmentación
41
 empleados en 
hidrogeles son la benzoina y sus derivados, los bencilacetales, acetofenonas, etc.  
El mecanismo de iniciación de los sistemas de Tipo II es más complejo (Fig. 4(b)) dado que la 
reacción es bimolecular. El fotoiniciador bimolecular no tiene la capacidad de generar radicales por sí 
mismo, solo absorbe la luz y es su estado excitado el que reacciona con una segunda molécula (co-
iniciador) para formar los radicales primarios mediante transferencia electrónica o captura de 
hidrógeno (generalmente de un co-iniciador anima o alcohol). Ejemplos de sistemas bimoleculares son 
los sistemas formados por cetonas aromáticas como benzofenonas, y aminas, alcoholes o tioles que 





Figura 4. Mecanismo de generación de radicales de los fotoiniciadores Tipo I (a) y Tipo II (b). 
 
En este Trabajo se ha empleado el fotoiniciador Irgacure 2959 de Tipo I. En la siguiente figura se 
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Figura 5. Mecanismo de fotofragmentación del fotoiniciador Irgacure 2959. 
 
En las fotopolimerizaciones realizadas en esta Tesis se ha empleado el fotoiniciador I2959 a una 
concentración de 1 % en peso con respecto a los monómeros y manteniendo en todos los casos las 
mismas condiciones de atmósfera de argón y empleando un sistema de irradiación de tubos 
fluorescentes con emisión centrada en 365 nm. El espesor de las membranas obtenidas con el sistema 
diseñado en nuestros laboratorios se encuentra dentro del intervalo de 40-180 micras (empleando 
separadores), con ello se ha asegurado una transmisión de la luz en todo el camino óptico y una 
fotopolimerización homogénea en todo el espesor de la membrana. Los detalles se encuentran 
recogidos en la parte experimental de las publicaciones.  
 
  
1.4 Modificación química de polímeros con radiación microondas  
El uso de la radiación microondas (MW) para la síntesis y modificación de polímeros como alternativa 
al calentamiento convencional está adquiriendo cada vez mayor popularidad puesto que ofrece una 
serie de ventajas
42
, entre las que cabe destacar la rapidez y la homogeneidad de las reacciones, así 
como los altos rendimientos de los productos obtenidos.  
Las MW son ondas del espectro electromagnético con frecuencias comprendidas entre 300 GHz y 300 
MHz. Las longitudes de onda correspondientes abarcan un rango de 1 mm a 1 m, que muestra la 
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posición media de las microondas entre las ondas de infrarrojos y de radio. Sin embargo, la mayor 
parte de los aparatos de microondas comerciales trabajan con una frecuencia de 2 450 MHz para evitar 
interferencias con dispositivos de telecomunicación. 
El calentamiento por MW se basa en la calefacción microondas dieléctrica, es decir, las moléculas que 
tienen un momento dipolar permanente intentarán alinearse con el campo electromagnético aplicado, 
lo que provocará rotación, fricción y colisión de las moléculas y, por tanto, generación de calor. Como 
resultado, la eficacia del calentamiento por MW depende fundamentalmente de las propiedades 
dieléctricas y de los tiempos de relajación de la mezcla de reacción, por lo que el uso de buenos 
disolventes absorbentes de MW da como resultado un calentamiento muy rápido
43
. 
La radiación MW también se puede considerar como una forma de excitación selectiva de las 
moléculas, por lo que sólo se van a activar algunas de ellas. Esto hace que se reduzcan las reacciones 
secundarias, obteniéndose productos más puros con mayores rendimientos y más fácilmente aislables. 
Por tanto, las mejoras que ofrece el MW frente al método térmico convencional son debidas a la 
combinación de esta excitación selectiva y de las altas temperaturas alcanzadas que disminuyen los 
tiempos de reacción. 
Otra ventaja importante que ofrece el empleo de MW es la síntesis a altas presiones, que se puede 
llevar a cabo en los viales de reacción cerrados, y que permite el reemplazo de disolventes con alto 
punto de ebullición por disolventes con bajos puntos de ebullición. Además, el empleo de estos viales 
cerrados permite un control preciso de la presión debido al arqueamiento del cierre septum y de la 
temperatura dentro del vial, detectado por un sensor IR dirigido hacia las paredes de vidrio del vial. 
El desarrollo de los reactores de microondas comerciales ha mejorado significativamente en los 
últimos años, y por tanto también los resultados obtenidos en las síntesis como se refleja en el número 
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En esta Tesis, las reacciones de modificación y funcionalización del copolímero EBA se han llevado a 
cabo con radiación microondas en fase heterogénea empleándose una cámara CCD para visualizar que 
los filmes de EBA se mantuvieran en estado sólido durante el transcurso de las reacciones. También se 
ha empleado la metodología microondas para la síntesis de sondas fluorescentes. De forma 
comparativa con la metodología de calentamiento convencional, en estas reacciones se han obtenido 
mejores rendimientos y en tiempos más cortos de reacción.  
 
 
1.5 Fluorescencia. Aspectos básicos. 
La luminiscencia se puede definir como la emisión de radiación desde un estado excitado de una 
molécula a un estado fundamental tras la absorción de un fotón de luz. 
Los procesos de absorción y emisión de luz y su evolución en los niveles electrónicos y vibracionales 
de una molécula se representan por el denominado diagrama de Jablonski
49
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Figura 6. Diagrama de Jablonski que ilustra los procesos probables de excitación y relajación. 
 
Si una especie que se encuentra en su estado electrónico fundamental (S0) absorbe un fotón de luz, 
aumenta su energía y un electrón puede promocionar a un estado excitado singlete de mayor energía 
(S1, S2…). Por lo general, el tiempo de vida media de una especie excitada es breve porque hay 
diversas formas en las cuales puede liberar su exceso de energía y relajarse a su estado fundamental. 
Dos de los procesos de relajación o desactivación más importantes son:  
 procesos de desactivación radiativos (que implica los procesos de fluorescencia y 
fosforescencia). La fluorescencia, es un proceso de relajación desde el estado electrónico 
excitado (S1) al estado fundamental (S0). Ambos estados presentan la misma multiplicidad de 
spín. En cambio, la fosforescencia tiene lugar desde el estado excitado triplete (T1), de distinta 
multiplicidad que el estado fundamental. 
 procesos de desactivación no radiativos (relajación vibracional, conversión interna, cruce 
intersistema y quenching): 
o Relajación vibracional. La relajación vibracional implica la disipación de energía 
entre niveles vibracionales dentro del mismo estado electrónico excitado. 
o Conversión interna. La relajación tiene lugar entre dos estados electrónicos de la 
misma multiplicidad. 
o Cruce intersistema. La desactivación de energía tiene lugar entre dos estados 

























estados electrónicos con diferente multiplicidad de spín están en principio prohibidas, 
sin embargo, pueden ocurrir debido al proceso conocido como acoplamiento spin-
orbital. 
o Desactivación bimolecular o quenching. En este proceso la especie excitada se 
desactiva al interaccionar con otra especie llamada quencher o inhibidor de 
fluorescencia. 
Dado que la conversión interna y el cruce intersistema competirán con la fluorescencia en la 
desactivación del estado excitado de menor energía, no todas las moléculas van a volver al estado 
fundamental mediante la emisión de fluorescencia. La fracción de moléculas excitadas que fluorescen 
es lo que se conoce como rendimiento cuántico de fluorescencia (F) y es una constante física que 
depende de la temperatura y el entorno de las especies moleculares excitadas. 
Las bandas de fluorescencia por lo regular se observan a longitudes de onda más largas, y por tanto a 
energías menores, que la banda de radiación responsable de su excitación (o banda de absorción). Este 
desplazamiento hacia longitudes de onda mayores se llama desplazamiento de Stokes. 
La espectroscopia de fluorescencia
50
 ha adquirido gran popularidad en el estudio de cambios a nivel 
molecular en todo tipo de sistemas. Esto es debido a las ventajas que ofrece esta técnica en 
comparación con otras técnicas convencionales
51,52
: 
 Presenta alta selectividad y sensibilidad. 
 Los tiempos de respuesta son muy cortos (alrededor de 10-9s). 
 No destruye la muestra. 
 No se requieren grandes cantidades de muestra. 
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La detección y cuantificación de especies químicas o analitos son algunos de los desafíos clave en la 
investigación química, especialmente en el área medioambiental, donde la detección de contaminantes 
mediante técnicas sencillas, rápidas y económicas siempre ha sido de gran importancia. 
Si bien las técnicas analíticas tradicionales, como la espectroscopia de absorción atómica (AAS), la 
espectrometría de masas con plasma acoplado inductivamente (ICP-MS), la cromatografía líquida de 
alta resolución (HPLC) y la electroquímica, permiten la detección y cuantificación selectiva y precisa 
de las especies químicas, estas técnicas consumen mucho tiempo, y además requieren equipos 
sofisticados y costosos. Como alternativa de gran interés, los sensores químicos han adquirido gran 
popularidad en los últimos años
53
. 
Los sensores químicos son moléculas que generalmente se componen de dos subunidades: una 
subunidad emisora de la señal analítica y una subunidad coordinante
54
. La capacidad de interactuar 
selectivamente, o incluso reaccionar, con el analito de interés es competencia de la subunidad 
coordinante y ésta se diseña teniendo en cuenta principios de coordinación y de química 
supramolecular, mientras que el fenómeno de detección, que surge de variaciones en las propiedades 
macroscópicas, depende de la infraestructura de señalización. 
Los sensores químicos más ampliamente utilizados son aquellos que responden ante las variaciones de 
color y/o fluorescencia o en las propiedades redox cuando se produce la interacción con el analito, 
denominándose sensores ópticos (cromogénicos y/o fluorogénicos) y electroquímicos, 
respectivamente. Los sensores ópticos
55
 son especialmente interesantes porque la presencia del analito 
puede detectarse a simple vista o usando un espectrofotómetro, evitando así utilizar equipos caros y 
sofisticados. 
Las interacciones entre la subunidad coordinante y el analito son reversibles, y dependiendo del tipo 
de unión entre las subunidades emisora y coordinante, pueden actuar mediante: (a) mecanismo 
subunidad coordinante-subunidad emisora, en el que ambas están unidas covalentemente y (b) 
mecanismo de desplazamiento, en el que existe una interacción débil entre ambas unidades.  
En el primer caso, las dos subunidades se encuentran unidas covalentemente ya sea directamente o a 
través de un espaciador (Figura 7(a)). La subunidad coordinante interactúa reversiblemente con el 
analito por medio de interacciones débiles: enlaces de hidrógeno, interacciones electrostáticas e 
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interacciones metal-analito, lo que provoca cambios en las propiedades de la subunidad emisora, 




En el segundo caso, al no existir interacción covalente entre ambas subunidades, la interacción entre el 
analito y la subunidad coordinante provoca el desplazamiento de la subunidad emisora y su liberación 
al medio, de manera que sus propiedades espectroscópicas se modifican (Figura 7(b)). Este proceso es 




Por último, existe otra posibilidad para el diseño de sensores químicos: el dosímetro químico
62,63
. Se 
basa en reacciones selectivas de la molécula sensor con el analito para dar lugar a una molécula 
diferente que muestra propiedades cromogénicas o de fluorescencia diferentes a su precursora (Figura 
7(c)). La eficiencia de la molécula sensor se basa en la selectividad de la reacción química entre el 
analito y la molécula sensor. Este tipo de detección no puede clasificarse estrictamente como sensor 
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Figura 7. Esquema de actuación de los sensores cromogénicos y fluorogénicos en presencia de un 
analito. 
 
En las últimas décadas se han desarrollado numerosos sensores fluorogénicos, cromogénicos y 
electroquímicos mediante la aplicación de los mecanismos descritos anteriormente.  
Por otro lado, algunos investigadores han publicado trabajos basados en la inclusión de más de una 
unidad indicadora en la estructura de ciertos sensores
65,66,67,68
. También se han desarrollado sensores 
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(a) Mecanismo en el emisor de la señal analítica por coordinación con el analito.
(b) Mecanismo de desplazamiento con el analito.
































































funcionalizados con solo una subunidad indicadora capaz de dar dos o más señales medibles, por 
ejemplo variaciones simultaneas de color y de intensidad de fluorescencia
69,70,71
. 
Se denomina fluoróforo a aquella molécula que tiene la capacidad de emitir luz por fluorescencia, tras 
un proceso de absorción. En un sensor fluorogénico, el fluoróforo estará unido a una unidad receptora 
o coordinante. La unidad coordinante es la responsable de la selectividad y eficiencia de coordinación 
con un analito determinado. Esta selectividad y eficiencia depende de la naturaleza de la unidad 
coordinante, las características químicas del analito y el disolvente en el que se lleva a cabo la 
interacción. La interacción del analito con la unidad coordinante va a afectar a los procesos 
fotoluminiscentes de la unidad de señalización ocasionando variaciones que van a permitir su 
detección, como la aparición o desaparición de fluorescencia, el desplazamiento del máximo de una 
banda de emisión y/o cambios en la intensidad de fluorescencia.  
La detección y cuantificación de la acidez y/o basicidad en diferentes medios, como vapores o los 
sistemas acuosos, y en las industrias químicas y farmacéuticas, es de vital importancia para lograr un 
control ambiental. Si bien la presencia de protones (H
+
) o iones hidroxilo (OH
-
) en medios acuosos se 
determina empleando técnicas convencionales disponibles en cualquier laboratorio (como el papel 
indicador de pH o métodos pontenciométricos que emplean membranas sensibles al pH como los 
electrodos de membrana de vidrio), surge la necesidad de desarrollar métodos alternativos que 
satisfagan esta demanda. Los sensores químicos ópticos han adquirido gran popularidad en la 
detección de pH
72,73,74
, tanto en el intervalo de trabajo habitual como en condiciones extremas.  
También la detección de metales
75
 en el medioambiente tiene mucha importancia, y en particular los 
más contaminantes como el mercurio. El mercurio es un metal pesado conocido por su alta toxicidad 
que supone un problema a nivel mundial. La mayoría de las emisiones de mercurio (Hg(0) y Hg
 
(II)) al 
medioambiente son antropogénicas, como por ejemplo, la descarga de refinerías y fábricas, así como 
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la escorrentía de vertederos y campos de cultivo. Entre las fuentes no antropogénicas se encuentran las 
emisiones volcánicas y los incendios forestales. 
Los vapores de mercurio emitidos se difunden fácilmente en la atmósfera, y se oxidan a Hg (II). La 
deposición atmosférica del Hg
 
(II) conduce a su acumulación en la vegetación, en el suelo y en los 
sistemas acuosos, siendo la contaminación de las aguas la mayor fuente de exposición para los 
humanos. Las bacterias que residen en las branquias e intestinos de los peces convierten parte del Hg
 
(II) incorporado al agua en metilmercurio (CH3Hg(I)). El metilmercurio se absorbe rápidamente pero 
se elimina con mucha dificultad por lo que acaba entrando en la cadena alimenticia humana, a través 
de la ingesta de peces como tiburón, caballa, atún, pez espada o ballena
76
. 
Además, la bioacumulación de mercurio también tiene lugar en las plantas, lo que supone otra vía de 
entrada en la cadena alimenticia
77
. El mercurio bioacumulado vuelve a entrar en los suelos y aguas a 
través de la lluvia o la putrefacción de las plantas. 
La absorción de mercurio tiene consecuencias graves para la salud humana. La bioacumulación en el 
cerebro y los riñones causa serios problemas y puede conducir a enfermedades neurológicas, 
trastornos cognitivos y de movimiento, pérdida de visión y muerte. 
Aunque se ha restringido el uso industrial de mercurio, se siguen encontrando altas concentraciones en 
algunos ecosistemas. Es por ello que existe una demanda cada vez mayor para la detección eficiente, 
económica y rápida de mercurio en sistemas acuosos, alimentos, aire y suelo. En consecuencia, el 
desarrollo de sensores cromogénicos y fluorogénicos para la detección y cuantificación del catión Hg
 
(II) ha ganado terreno en los últimos años, como así lo demuestran los numerosos trabajos publicados 
en la bibliografía especializada. Algunos de estos trabajos describen sensores basados en derivados de 
rodamina
78,79,80
, otros contienen tiourea en su estructura
81,82
, compuestos heterocíclicos que contienen 
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nitrógeno, grupos azo o con bases de Schiff
83 , 84
; amina o tioéter
85 , 86
; moléculas que contienen 
cumarina
87,88,89
 o sensores conteniendo macrociclos
90,91
. 
En la presente Tesis (Capítulo 3), se ha preparado y estudiado un nuevo sensor sólido polimérico 
reversible en sistemas acuosos para la detección de mercurio.   
 
 
1.7 1,8-naftalimidas. Transferencia electrónica fotoinducida (PET) y transferencia de carga 
intramolecular (ICT). 
Los derivados de la 1,8-naftalimida sustituidos en la posición 4 han sido reconocidos por sus 
excelentes propiedades fotofísicas, sus altos rendimientos cuánticos de fluorescencia y buenos 
desplazamientos de Stokes, lo que sumado a la relativa simplicidad de obtener derivados, ha hecho 
que tengan numerosas aplicaciones en una variedad de áreas diferentes. Así pues, han adquirido 
interés como sensores de cationes metálicos
92 , 93 , 94 , 95
, aniones
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 y en medicina
107
. 
Si estos sensores basados en 1,8-naftalimida se diseñan de manera que el fluoróforo y el receptor están 
unidos a través de un espaciador, el mecanismo de interacción con analitos  se producirá a través de un 
proceso de transferencia electrónica fotoinducida (PET)
108
, que puede dar lugar a un proceso de 
encendido “turn-on” o apagado “turn-off” de la fluorescencia.  
El proceso “turn-on”109 se observa en receptores con pares de electrones no enlazantes (N ó O). Como 
se puede observar en la Figura 8, cuando se excita el fluoróforo, promociona un electrón desde el 
orbital molecular ocupado de más alta energía (HOMO) al orbital molecular no ocupado de más baja 
energía (LUMO). El par de electrones de no enlace, que se encuentra en un nivel energético 
intermedio entre los orbitales HOMO y LUMO del fluoróforo, transfiere un electrón al orbital HOMO 
del fluoróforo, lo que conduce a la desactivación de la fluorescencia. El fluoróforo excitado transfiere 
el electrón del LUMO al orbital de energía intermedia, restaurándose el estado fundamental. Tras la 
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coordinación con el analito, el orbital intermedio entre el HOMO y LUMO del fluoróforo baja en 
energía de manera que la transferencia electrónica ya no es posible y se produce un aumento en la 





Figura 8. Esquema del proceso “turn-on” PET. 
 
El proceso “turn-off”109 tiene lugar cuando el nivel energético del LUMO del analito se encuentra 
entre el HOMO y el LUMO del receptor. Por lo tanto, tras la interacción entre el receptor y el analito, 
se proporciona un camino no radiativo para disipar la energía de excitación, dando lugar al apagado o 




































Figura 9. Esquema del proceso “turn-off” PET. 
 
Si el sensor posee un grupo electrodonador conjugado con un grupo electroaceptor
108
, experimentará 
una transferencia de carga intramolecular, desde el donador al aceptor. Cuando un analito interacciona 
con el grupo donador de electrones reducirá el carácter electrodonador de éste, lo que desestabiliza el 
momento dipolar en el estado excitado, produciéndose un desplazamiento hipsocrómico de la banda de 
absorción y, en el caso de las 1,8-naftalimidas un apagado de su fluorescencia (“turn-off”). Dicho 
mecanismo se ilustra en la figura 10(a). Por el contrario, cuando un analito interacciona con el grupo 
electroaceptor, incrementará el carácter aceptor de electrones de éste, estabilizando el estado excitado 
































Figura 10. Mecanismo de transferencia de carga intramolecular (ICT). El analito puede interactuar con 
el grupo donador (a) o con el aceptor (b). 
 
En este Trabajo se ha sintetizado una serie de moléculas derivadas de la 1,8-naftalimida, que actúan 
como sensores fluorogénicos a través del mecanismo PET y a través la inhibición de la transferencia 
de carga intramolecular, ICT “turn-off”, como es el caso del derivado dimetil amino en posición 4 de 
la 1,8 naftalimida. 
En la figura 11(a) se muestra el proceso PET “turn-on” de encendido fluorescente que presentan en 
medio ácido las 1,8-naftalimidas sustituidas en la posición 4 con piperacinas. En la figura 11(b) se 
muestra el proceso “turn-off” de la ICT en el derivado sin espaciador, 4-dimetilamino (donador) 1,8-
























Figura 11. Estructura química de los derivados de la 1,8-naftalimida que actúan a través del 
mecanismo PET “turn-on” (a) e ICT “turn-off”. 
 
En el caso de los derivados de la 1,8-naftalimida, el anillo naftaleno con sustituyente electrodonador 
actúa como subunidad de señalización o fluoróforo, y el N (que tiene un par electrónico disponible) en 

















































1.8 Polímeros como sensores químicos fluorogénicos y cromogénicos. 
Después del desarrollo de una molécula sensor fluorogénica y/o cromogénica para la detección del 




Este soporte debe reunir una serie de condiciones:  
 Permitir la difusión del analito a través del mismo o tener una superficie sensible al analito. 
 Buenas propiedades físicas, químicas, térmicas y mecánicas. 
 Transparencia. 
 Fácil procesado. 
 Bajo coste. 





, por lo que ambos tipos de sustratos poliméricos han sido ampliamente utilizados.  
Paralelamente a la producción de sistemas sensores de base polimérica, se han desarrollado otros 
sistemas en los que se emplean materiales soporte tales como partículas de sílice
112






En función de la estructura polimérica de los sensores químicos descritos en la literatura
115
, los 
sistemas sensores poliméricos se pueden clasificar en: 
 Polímeros lineales no conjugados116,117 
 Polímeros lineales conjugados118 
                                                          
110
 S. Vallejos, A. Muñoz, F. C. García, R. Colleoni, R. Biesuz, G. Alberti, J. M. García, “Colorimetric detection, 
quantification and extraction of Fe(III) in water by acrylic polymers with pendant Kojic acid motifs” Sens. 
Actuators B Chem. 233 (2016) 120-126. 
111
 J. P. Anzenbacher, Y. Liuand, M. E. Kozelkova, “Hydrophilic polymer matrices in opical array sensing” 
Curr. Opin. Chem. Biol. 14 (2010) 1-12. 
112
 Q. Meng, X. Zhang, C. He, G. He, P. Zhou, C. Duan, “Multifuctional mesoporous silica material used for 
detection and adsorption of Cu
2+
 in aqueous solution and biological applications in vitro and in vivo” Adv, 
Funct. Mater. 20 (2010) 1903-1909. 
113
 P. Qin, C. Han, D. Huang, R. Tang, F. Gan, C. Niu, “A wide range fluorescent sensor for 2,4,6-trinitrophenol 
prepared from covalent immobilization of allyltetraiodofluorescein on activated glass surface” Sensor Letters 12 
(1) (2014) 172-176. 
114
 S. Sun, X. Ning, G. Zhang, Y. C. Wang, C. Peng, J. Zheng, “Dimerization of organic dyes on luminescent 
gold nanoparticles for ratiometric pH sensing” Angew Chem. Int. Ed. Engl. 55(7) (2016) 2421-2424. 
115
 H. N. Kim, Z. Guo, W. Zhu, J. Yoon, H. Tian, “Recent progress on polymer-based fluorescent and 
colorimetric chemosensors” Chem. Soc. Rev. 40 (2011) 79-93. 
116
 Z. Guo, W. Zhu, H. Tian, “Hydrophilic copolymer bearing dicyanomethylene-4H-pyran moiety as fluorescent 
film sensor for Cu
2+
and pyrophosphate anion” Macromolecules 43 (2) (2010) 739-744. 
117
 S. Ghosh, C. K. Dey, “Epoxy-bases polymer bearing activated azo dye (methyl orange) units: novel 






 Polímeros dendríticos119 
 Polímeros impresos molecularmente (MIPs)120 
 Redes poliméricas tridimensionales 
Los métodos más comunes de inmovilización de las moléculas sensores en matrices poliméricas son la 
dispersión y la unión covalente. La dispersión de la molécula a través de la matriz es el método más 
común y sencillo. Sin embargo, este método da lugar a materiales no homogéneos y proporciona 
problemas de estabilidad debido a la lixiviación de la molécula, reduciendo la vida útil y la 
reproducibilidad del material sensor. A pesar de ello, este método se utiliza para la preparación de 
filmes delgados sensibles o microesferas
121,122
. Para la mejora de la estabilidad de estos materiales, la 
alternativa es la unión covalente al polímero de la molécula sensor, siendo esta unión posible después 
de la polimerización si el polímero contiene grupos funcionales reactivos, o por copolimerización 
directa de la molécula sensor si ésta posee grupos polimerizables. 
Existen en la bibliografía trabajos dedicados al desarrollo de sensores sólidos para la detección de 
cationes mercurio (II) en medios acuosos
123,124,125,126,127,128
. Sin embargo, son bastante escasos en la 
literatura los ejemplos de sensores para la detección cromogénica de pH
129,130
. 
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En este Trabajo, se ha llevado a cabo la modificación superficial de filmes de copolímeros de etileno-
acrilato de butilo (EBA)
131
 mediante reacciones en fase heterogénea empleando radiación microondas. 
La modificación consiste en tres pasos: hidrólisis parcial de los ésteres butílicos a carboxilatos, 
protonación a ácido carboxílico y conversión de los grupos ácido a cloruro de ácido. Los copolímeros 
así modificados superficialmente se han funcionalizado por esterificación con 4-dimetilamino-N-(2-
hidroxietil)-1,8-naftalimida. Posteriormente se han tratado con plasma de oxígeno para mejorar las 
propiedades hidrofílicas de la superficie de los filmes y mejorar el tiempo de respuesta en la detección 





Figura 12. Secuencia de reacciones para la modificación superficial de EBA y posterior tratamiento 
con plasma.  
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Por otra parte, se prepararon membranas poliméricas fotoentrecruzadas, con comportamiento de 
hidrogel con grado de hinchamiento controlado en medios acuosos. Para ello, la estructura del hidrogel 
se obtuvo a partir de una composición de monómeros diseñada para tener el equilibrio correcto de 
carácter hidrofóbico e hidrofílico con el fin de tener buenas propiedades mecánicas, lo que hace que 
los materiales sean manejables y que el hinchamiento en agua sea el adecuado (30% p/p) para 
mantener una estabilidad dimensional del material. El carácter hidrófilo del polímero, puede 
controlarse no solo por la naturaleza y/o proporción de los monómeros, sino también por el contenido 
del agente entrecruzante. La absorción de agua permite la difusión de productos químicos solvatados 
en la membrana, donde la detección se logra a través de la interacción de las moléculas sensores con el 
analito.  
En esta Tesis, las membranas se han sintetizado por copolimerización de N-vinil-2-pirrolidona (VP), 
acrilato de butilo (BA), dimetacrilato de etilenglicol (EGDMA) y cloruro de metacriloilo (MACl) 
empleando Irgacure 2959 como fotoiniciador y en presencia de Argon.  
En una segunda etapa, las membranas se funcionalizaron a través del cloruro de ácido presente en la 
estructura mediante esterificación con las moléculas sensores derivadas de 1,8-naftalimidas y 
portadoras de un sustituyente hidroxilo para llevar a cabo la reacción de Schotten-Bauman
132,133
. En la 
siguiente figura se muestra el esquema de síntesis de la membrana y su funcionalización con dos de las 
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Figura 13. Síntesis de membrana fotoentrecruzada (M-Cl) y posterior funcionalización con derivados 
de 1,8-naftalimida: a) N-(2-hidroxietil)-4-(4-metilpiperacina-1-il)-1,8-naftalimida y b) N-(2-
hidroxietil)-4-(4-(1H-benzo[d]imidazol-2-il)metil)piperacina-1-il)-1,8-naftalimida. 
 
En los siguientes capítulos se detallan los resultados obtenidos incluyendo las tres publicaciones a que 





































































































Surface modification of poly (ethylene-butyl acrylate) copolymers by 
microwave methodology and functionalization with 4-dimethylamino-














2 SURFACE MODIFICATION OF POLY (ETHYLENE-BUTYL ACRYLATE) 
COPOLYMERS BY MICROWAVE METHODOLOGY AND FUNCTIONALIZATION 





A new procedure was developed for functionalization in the solid phase by using microwave 
irradiation. Heterogeneous chemical modification of poly(ethylene-butyl acrylate) copolymer (EBA), 
hydrolysis, chlorination, and Schotten–Baumann reactions were monitored by attenuated total 
reflection Fourier transform infrared (ATR-FTIR) spectroscopy. EBA was superficially functionalized 
by a previously synthesized fluorescent dye, 4-dimethylamino-N-(2-hydroxyethyl)-1,8-naphtalimide, 
and the depth profile of the functionalized polymer was determined by confocal Raman spectroscopy. 
The new functionalized materials were also evaluated as an acidic pH sensor by determining the 
change in the spectroscopic properties of absorption and fluorescence with pH of the solution and 
vapor phases. To improve the wettability of the EBA surface, oxygen plasma treatment was used and 








An effective approach to develop an applicable solid sensor is to modify the surface of the material 
that already has excellent bulk properties. A grafted surface can be produced primarily either by graft 
polymerization of monomers or a covalent coupling reaction of existing polymer molecules onto the 
substrate polymer surface. Many chemical and physical methods
1
, such as plasma, e-beam, and 
sputtering have been used to modify the structure of polymer surfaces and in particular polyethylenes
2
.  
Most of these techniques are based on the use of high-energy sources that can ultimately damage the 
polymer surfaces either chemically or physically. Moreover, these methods are usually not versatile 
enough to allow the design of structurally and chemically modified surfaces through the control of the 
distribution of chemical functionalities throughout the surface.  In an earlier work, we described the 
microwave-assisted chemical modification of poly(ethylene-butyl acrylate) copolymers
3
 (EBA) in 
solution to bind coumarin derivatives through the acrylic comonomer. In this study, organic 
functionalities were introduced onto EBA as the polymer substrate in a controlled manner by 
performing a sequence of chemical reactions on the surface. In the heterogeneous phase, hydrolysis, 
chlorination and Schotten–Baumann reactions were used to graft a naphthalimide derivative to the 
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Fig.1. Heterogeneous reaction sequence for surface modification of EBA using microwave 
methodology. 
 
The introduction of specific functional groups to polymer surfaces by well-defined, classical organic 
chemical reactions usually involves ionic or polar reactions rather than free radical reactions. 
Therefore, the polymer surfaces suitable for this type of modification must have sites that are 






The modification of the EBA surface opens the possibility to chemically bond numerous organic 
structures having a terminal group capable of reacting with the functional groups present on the 
substrate polymer surface. Recently, polymers containing photosensitive functional groups have 
gained significant attention
4,5,6
. A number of publications have appeared concerning 1,8-naphthalimide 
derivatives as a special class of environmentally sensitive fluorophores. Their strong fluorescence and 
good photostability have promoted their applications in a number of areas such as, coloration of 
polymers
7 , 8
 as laser active media
9


















 and pH sensors
20
.    
Hence, in this study, we synthesized a hydroxyl derivative, 4-dimethylamino-N-(2- hydroxyethyl)-1,8-
naphtalimide (DMAN) to react with the superficial chlorine acids of the modified EBA to 
functionalize the polyolefin material with a sensor probe (EBA-DMAN), as shown in Fig. 1. The 
surface functionalization was studied by attenuated total reflection Fourier transform infrared (ATR-
FTIR) spectroscopy and confocal Raman spectroscopy (CRS)
21
 to determine the depth profile of the 
functionalized polymer.  
Furthermore, the new functionalized materials were evaluated as an acidic pH sensor by determining 
the change in the spectroscopic properties of absorption and fluorescence with pH. To improve the 
wettability of the surface, EBA-DMAN films were treated with oxygen plasma
22
. The plasma-treated 
materials (EBA-pl-DMAN) exhibited a lower response time for environmental changes of pH in 
solution and vapors because of surface oxidation.  
 
2.3  Experimental 
2.3.1  Materials and reagents and film preparation  
Poly(ethylene-co-butyl acrylate) copolymer (EBA) with 7 % (w/w) of butyl acrylate (0.924 g·ml
-1
 of 
density) was supplied by Repsol company (Madrid, Spain). EBA films of 100 µm of thickness and 50 
x 50 mm dimension were prepared by compression molding in automatic Press ATLAS T8 plates with 
a maximum pressure of 2 tons and of 190 ºC of temperature. The thickness of the films was controlled 
by specific-size spacer rings. 
The following chemicals and solvents were purchased and used as received unless otherwise 
indicated: 4-bromo-1,8-naphthalic anhydride (Aldrich, 95%). 2-propanol (Scharlau, 99.5%), sodium 
hydroxide (Panreac, 98-100%), hydrochloric acid (VWR Chemicals, 37%), ultrapure MilliQ water 






pentachloride (Aldrich, ≥98%), triethylamine (Aldrich, ≥99%), 2-aminoethanol (Aldrich, 99%), 
ethanol (VWR Chemicals, 99.95%), dimethylformamide (Scharlau, 99.8%), ethyl acetate (Aldrich, 
≥99.5%), hexane (Carlo Erba Reagents, 99%),  hexadeuterated dimethylsulfoxide (DMSO-d6, Euriso-
top, 99.8%), potassium carbonate (Panreac, 99%), and coumarin 6 (Aldrich, 98%).   
 
2.3.2 Spectroscopic characterization  
ATR-FTIR was used to characterize polymer films of EBA before and after MW reactions. ATR-FTIR 
spectra were obtained using a PERKIN ELMER BX-FTIR Spectrometer coupled with a 
MIRacle
TM
ATR accessory from PIKE Technologies, and interferograms were obtained from 32 scans. 
The degree of hydrolysis and modifications of the EBA films were determined using ATR-FTIR and 
accessories with the same value of pressure.  
Confocal Raman Spectroscopy (CRS). A Renishaw inVia Raman microscope, working in a confocal 
mode and connected to an Olympus BH2 microscope was used for measuring the Raman spectra. The 
beam from the 785 line of a He-Ne laser (laser power 320 mW at 100%) was focused by 100 x 
magnifying length objective (numerical aperture (NA) value of 0.85) in the confocal mode and a 
charge-coupled device (CCD) camera as detector. Raman light was dispersed by a diffraction grating 
with 1200 lines/mm using a Raman holographic notch filter. The depth-profile of the sample was 
obtained by focussing the microscope stepwise at fixed 1 μm intervals within the polymer film and 
recording 10 accumulative spectra at each step (accumulation time 3 min. per spectrum). The depth 
resolution of the confocal arrangement in air was previously checked using a sample of silica as a 
reference material. 
Ultraviolet (UV) spectroscopy was used for the quantitative determination of DMAN moieties 
anchored to EBA in a PERKIN ELMER Lambda 35 spectrometer. DMAN surface loading was 
determined by measuring the absorbance at the peak maximum of absorption band.  This was 
translated into quantitative DMAN content per unit area by rearrangement of the Beer-Lambert law. 
Each material was assessed in quintuplicate. 
Fluorescence spectra were recorded using a Perkin Elmer LS 55 fluorescence spectrometer. 
Fluorescence emission spectra of the probe were recorded in the range of 490–700 nm using the 
maximum of the longest-wavelength absorption band as excitation wavelength. All the spectra were 
corrected using the response curve of the photomultiplier. The fluorescence quantum yields (F) were 











C-nuclear magnetic resonance (NMR) spectra were recorded on Varian-Mercury 400 MHz 
and a Bruker 300 MHz NMR spectrometers using hexadeuterated dimethyl sulfoxide (DMSO-d6) as 





chemical shifts were referenced to DMSO-d6 (39.52 ppm) as standard. 
Mass Spectra (MS) were recorded on a HP 5973-MSD spectrometer.   
 
2.3.3 pH measurements and spectroscopic detection of acid in solution and vapors  
The pH was measured at room temperature (23 ºC) by using a Mettler Toledo SevenGo Duo Pro meter 
with an InLab Expert Pro ISM-ID67 electrode that was previously calibrated with standard buffers. 
The sensing measurements of the solutions of DMAN and surface-modified films of EBA-DMAN 
were performed using HCl solution in the water:ethanol (4:1) mixture as solvent.    
Acid titration by ultraviolet–visible (UV–Vis) and fluorescence spectrometry in aqueous solution and 
vapors was performed as follows. The titration of the solution with DMAN (water:ethanol 4:1, 10
−4
 
M) was carried out by adding dilute HCl to increase the acidity from pH 8 to pH 0.5. After each 
addition, the solutions were allowed to equilibrate for 10 min, the pH was measured, and UV–Vis and 
fluorescence spectra were recorded.  
In the case of functionalized materials (EBA-DMAN and EBA-pl-DMAN), the films were cut into 
strips of dimension 1x4 cm and dipped into 100 ml of water (Millipore-Q) using a homemade support 
that is slotted into the cell holder of the spectrophotometers. To study the effect of increasing the 
acidity of the medium beyond the pH scale, vials containing 50 ml of HCl at pH 7 to −1.1 (12 M HCl, 
37%) were prepared. Strips of the film were immersed in these vials, starting from the vial with the 
lowest acid concentration, and the UV–Vis and fluorescence spectra were recorded for each pH after a 
conditioning time of 2 h. The fluorescence detection of acidic vapors was performed by adding 100 μl 
of HCl (12 M HCl 37%) over a cotton fragment to avoid direct contact and placing it at the bottom of 
a sealed spectrophotometric cuvette, where the functionalized EBA film is disposed. 
 
2.3.4 Microwave equipment 
The microwave equipment used in this study was an Anton Paar Monowave™ 300 microwave 
synthesis reactor equipped with an infrared sensor (IR pyrometer). All reactions were performed in 






progress of the reactions was observed by an integrated CCD camera, which directly focuses on the 
reaction vial. 
 
2.3.5 Plasma treatment and characterization by contact angle measurements and atomic force 
microscopy 
The films were plasma-treated using an RF-Expanded Plasma Cleaner PDC-002 coupled with a 
PlasmaFlo PDC-FMG gas mixer obtained from Harrick Plasma and a Varian SH-110 vacuum pump. 
Samples were placed inside the Pyrex chamber (6″ diameter × 6.52″ length), and both sides of all 
films were treated with high RF power (30 W to the RF coil) for 30 min with oxygen plasma. Gas 
flow rates and chamber pressure can be altered by manual pressure and flow regulators, and stabilized 
pressure was fixed at 250 mTorr (0.33 mbar). 
Changes in the wettability of plasma-treated polymer surfaces were observed after the determination 
of water contact angle (CA) by the sessile drop method. CA measurements were performed at 25 °C 
using a KSV instruments LTD CAM 200 Tensiometer and MilliQ water as wetting solvent. Surface 
energy was determined using two liquids (water and methylene iodide) for the measurements. On the 
basis of Owens–Wendt's method24, the surface energy (γ) and its dispersive (γd) and polar (γp) parts 
were calculated using the CAM 200 software.  
Surface morphology and roughness of the EBA films modified with DMAN before and after oxygen 
plasma treatment were examined by the Atomic Force Microscopy (AFM) using a Nanoscope IV 
system (Digital Instruments) working in tapping mode with a triangular microfabricated cantilever 
having a length of 115-135 mm, 1- to 10-Ohm-cm phosphorous (n)-doped Si pyramidal tip, and a 
nominal spring constant of 20-80 Nm
-1
.  The mean roughness value (Ra) represents the arithmetic 
average of the deviations from the center plane of the sample, which was determined using standard 
Digital Instruments software. 
 
2.3.6 Surface modification of EBA films by hydrolysis (EBA-COOH) and acid chlorination 
(EBA-COCl) 
EBA (7% of BA) film was cut into strips (1 x 4 cm) and hydrolyzed in the solid state by a modified 
procedure of the method reported previously
3
 to conduct the heterogeneous reaction into a microwave 
reactor. The EBA film was placed in a 30-ml microwave test tube, and the test tube was then filled 
with a solution of 0.5 M NaOH in isopropanol. The temperature of the solution was fixed at 65 °C 








 film was separated from the médium and neutralized in a microwave-assisted second 
step by adding 30 ml of aqueous HCl solution (0.1 M) to the polymer and maintaining the mixture at 
50 °C for 1 h. The resulting hydrolyzed EBA-COOH film was then washed repeatedly with distilled 
water and dried under vacuum overnight. 
The surface modification of EBA to EBA-COO
-
 and EBA-COOH was confirmed and evaluated by 
ATR-FTIR spectroscopy (Fig. 3).  
The EBA-COOH film and phosphorus pentachloride (50 mg, 0.24 mmol) were placed in a 30-ml 
microwave reactor containing 20 ml of CH2Cl2 anhydrous solution. Acid chlorination was carried out 
under microwave irradiation at 55 °C under magnetic stirring at 600 rpm. After 90 min, the EBA-
COCl film was washed with dichloromethane and dried under vacuum overnight. The reaction 
between superficial acid groups and EBA-COCl was quantitative and confirmed by ATR-FTIR 
spectroscopy (Fig. 3). 
 
2.3.7 Functionalization of EBA-COCl with DMAN 
Superficially chlorinated EBA film, EBA-COCl, and 25 mg of DMAN were placed in a vial 
containing 20 ml of CH2Cl2 and 500 μL of triethylamine (TEA) under microwave at 55 ºC for 15 h 
under magnetic stirring at 600 rpm. The vial was then rapidly cooled down with compressed air to 
room temperature, and the modified film EBA-DMAN was washed repeatedly with dichloromethane 
and dried under vacuum overnight. The reaction was confirmed by ATR-FTIR and UV/vis 
spectroscopy (Fig. 3). 
 
2.3.8 Synthesis of N-(2-hydroxyethyl)- 4-dimethylamino-1,8-naphthalimide 
N-(2-hydroxyethyl)-4-bromo-1,8-naphthalimide (compound 1) and N-(2-hydroxyethyl)-4-
dimethylamino-1,8-naphthalimide (compound 2) were synthesized following the procedure (Fig. 2) 
described in refs.
25,26
 and using a novel reaction
27
 for dimethylamination of compound 1.   
In a pressure-resistant microwave test tube, a mixture of 4-bromo-1,8-naphthalic anhydride (1.4 g, 
0.005 mol) and ethanol amine (0.4 g, 0.005 mol) in ethanol (15 ml) was heated at 85 ºC and stirred at 
600 rpm for 2 h. The resulting mixture was cooled at 5 °C. The solid product obtained was filtered and 
washed with 30 ml of cold ethanol thrice and then identified as N-hydroxyethyl-4-bromo-1,8-
naphthalimide (compound 1) after drying. Yield 90% (1.4 g). M.p.: 206 ± 2 ºC. 
 1
H-NMR (H ppm) 






7.8 Hz, 1H), 7.89 (t, J = 7.9 Hz, 1H), 4.81 (s, 1H), 4.10 (t, J = 6.4 Hz, 2H), 3.61 (t, J = 5.9 Hz, 2H). 
13
C-NMR (C ppm) (100.6 MHz, DMSO-d6, Me4Si): δ 162.90, 162.85, 132.41, 131.42, 131.24, 
130.80, 129.61, 128.98, 128.67, 128.14, 122.70, 121.92, 57.71, 41.95. FT-IR (wavenumbers, cm
-1
): 
OH  3386 cm
-1
; C-H 3066 cm
-1
 aromatic stretch vibration  C=O 1692, 1658 cm
-1





 aromatic ring chain vibrations. Elemental analysis, theoretical value % C 52.52; % H 
3.15; % N 4.38; exp.: % C 52.42; % H 3.25; % N 4.25; EI-MS m/z: 321.0 (M
+
). 
In a pressure-resistant microwave test tube, 1 g of compound 1 (0.003 mol), 4.35 ml of triethylamine 
(0.03 mol), and 10 ml of DMF:water (1:1) solution were added. The mixture was heated at 120 °C and 
stirred at 600 rpm for 12 h. After completion of the reaction, the vial was cooled with water to room 
temperature. The mixture was extracted with ethyl acetate (4 x 50 ml), and the organic layer was dried 
over K2CO3. The solvent was evaporated under reduced pressure, which was purified by silica gel 
column chromatography using ethyl acetate:hexane (2:1) as eluent to obtain an orange solid product 
identified as N-(2-hydroxyethyl)-4-dimethylamino-1,8-naphthalimide. Yield: 84 %, M.P. = 135 ± 2 ºC 
1
H-NMR (H ppm) (400 MHz, DMSO-d6, Me4Si): δ 8.51 (dd, J = 8.5, 1.1 Hz, 1H), 8.45 (dd, J = 7.3, 
1.1 Hz, 1H), 8.34 (d, J = 8.3 Hz, 1H), 7.75 (dd, J = 8.5, 7.3 Hz, 1H), 7.21 (d, J = 8.3 Hz, 1H), 4.81 (t, J 
= 6.0 Hz, 1H), 4.13 (t, J = 6.6 Hz, 2H), 3.59 (q, J = 6.5 Hz, 2H), 3.08 (s, 6H).
 13
C-NMR (C ppm) 
(100.6 MHz, DMSO-d6, Me4Si): δ 163.69, 163.03, 156.41, 132.12, 131.32, 130.41, 129.56, 124.90, 
124.16, 122.37, 113.43, 112.91, 57.87, 44.35, 41.51. FT-IR (wavenumbers, cm
-1





 and 1628 cm
-1
, C-C 1575 cm
-1
 aromatic ring chain vibrations. Elemental analysis, theoretical 




2.4 Result and discussion 
2.4.1 Synthesis of the N-(2-hydroxyethyl)- 4-dimethylamino-1,8-naphthalimide 
The synthesis route to obtain N-(2-hydroxyethyl)-4-dimethylamino-1,8-naphthalimide is presented in 
Fig. 2. In the first step, the condensation of 4-bromo-1,8-naphthalic anhydride with 2-
hydroxyethylamine under microwave irradiation in ethanol at 85 ºC afforded compound 1 in high 
yield at a shorter reaction time than conventional conditions. It has been observed
28
 that for various 
amines, imidation of naphthalimides under reflux required 4-16 h. Our results show that the 
microwave method reduced the reaction time and improved the yields from 72–85% (under 
conventional conditions) to 96%.  
In the second reaction step (Fig. 2), an interesting observation was made while we were optimizing the 






methoxyethylamine. When the reaction was carried out in DMF, surprisingly, dimethylamination 
product (DMAN, compound 2) was also produced. In the absence of the primary amine, DMAN was 
obtained in very good yield. This reaction has been described
27,29
 as a convenient method for the 
introduction of a dimethylamino group in aromatic compounds
 
through chlorinated derivatives of 
heterocycles or aromatics using bases as KOH or K2CO3, and although the reaction mostly proceeds 
slowly, it results in good yields.  
In our experimental conditions, dimethylamination resulted in the formation of compound 2 in good 
yield. On the contrary, when no base was added, the reaction did not proceed. Also, the presence of 
water seemed to be crucial for the amination, and this fact could be attributed to a better solvation of 




Fig.2. Reaction pathway and mechanism for the synthesis of N-(2-hydroxyethyl)-4-dimethylamino-
1,8-naphthalimide (DMAN, compound 2). 
 
The reaction starts with a base-assisted cleavage of DMF to form the required dimethylamine
30,31
, 
which acts as the nucleophile for the formation of the required product. DMF is an easy substitute for 
dimethylamine, and the reaction occurs in a shorter period of time and produces high yields with 
microwave irradiation. The best conditions were noted under microwave irradiation for 12 h at 850 W 
and a ceiling temperature of 120 °C of a mixture of compound 1 together with 10 equiv. of 










2.4.2 Microwave assisted surface hydrolysis, acid chlorination and functionalization of EBA 
with naphthalimide groups  
The functionalization of EBA (7 % content of BA) was carried out following the sequence of reactions 
shown in figure 1. The different modifications of EBA, hydrolysis of butyl ester, acid chlorination, 
and esterification with 4-dimethylamino-N-(2-hydroxyethyl)-naphthalimide (DMAN) were 
accomplished successfully in solution under microwave irradiation. All the modified EBA films were 










Fig.3. ATR-FTIR spectra in the region between 2000 and 1000 cm
-1 
of EBA (7% of BA content) and 
the surface modified EBA materials: (1) 1735 cm
-1
 (C=O) butyl ester (EBA), (2) 1165 cm
-1
 (C-O) 
aliphatic ester (EBA), (3) 1568 cm
-1
 and  (4) 1413 cm
-1
 are assigned to as(COO-) and s(COO-) of 
carboxylate anion respectively (EBA-COO
-
), (5) 1703 cm
-1
 (C=O) carboxylic acid (EBA-COOH), (6) 
1793 cm
-1
 (C=O) acyl chloride (EBA-COCl), (7) 1730 (C=O) naphthalimide (EBA-DMAN), (8) 1644 
cm
-1
 (C=C) naphthalimide aromatic ring (EBA-DMAN) and (9) 1167 cm
-1
 (C-O) aliphatic ester  (EBA-
DMAN).  
 
Figure 3 shows the characteristics of vibrational bands of the species formed after each 
functionalization step as described above in the synthesis section. As shown in Fig. 3, butyl ester on 
the surface was hydrolyzed by microwave irradiation under heterogeneous conditions, and the degree 
of hydrolysis was determined by ATR-FTIR as described earlier
3
 and by using the butyl ester and 
carboxylate bands. The obtained curves are plotted in Fig. 4.     
The spectra at different hydrolysis reaction times show the growth of bands because of the increase in 
carboxylate content, introduced to the surface of the polyolefin film. This confirms the hydrolysis of 
the surface with treatment time. Thus, the carboxylate content can be used to follow the modification 
of EBA surface by ATR-FTIR. 












































































Fig. 4. Relationship between the percentages of surface hydrolysis degree of butyl ester  (  ) and 
carboxylate formation () with reaction time in EBA films (7 % content in BA), determined from the 
ATR-FTR spectra.  
 
 
After reacting sodium hydroxide solution (0.5 M) in isopropanol for 6 h at 65 °C, the conversion of 
butyl ester to carboxylate (Fig. 4) reaches a value of 83.3% (5.83% of butyl ester content). In our 
experimental condition, 1.17% of butyl ester remained in the EBA composition after hydrolysis in the 
superficial thickness of the film analyzed by ATR-FTIR. As found in the hydrolysis reactions carried 
out in bulk with EBA
3
 and ethylene vinyl acetate (EVA) copolymers
32
, a plateau was reached in the 
hydrolysis conversion when the reaction times are longer than 6 h. 
The determination of the acid content by ATR-FTIR suggested the carboxylic acid band at 1703 cm
−1
 
is attributed to the overlapping of the carbonyl butyl ester band at 1735 cm
−1
. The asymmetric stretch 
band of the carboxylate group at 1568 cm
−1
 could therefore be more convenient to follow the 
hydrolysis conversion.  
After protonation of the carboxylate groups in a microwave-assisted second step (HCl aq. solution 0.1 
M, 50 ºC, 1 h.), the acid groups present in EBA-COOH were converted to acid chloride under 
microwave heating. After 1.5 h of reaction with phosphorus pentachloride, the transformation was 
quantitative, as shown by the band at 1793 cm
-1
 which corresponds to (C=O) acyl chloride (EBA-COCl) 
and the disappearance of the acid band at 1703 cm
-1
 (Fig. 3). 
Finally, functionalization was carried out by reacting EBA-COCl with the previously obtained N-(2-






increased with reaction time (3 h: 45%, 5h: 60%, 7 h: 70% and 10 h: 83%). After reacting for 15 h at 
55 °C, no acyl halide band in the functionalized EBA-DMAN film could be detected at 1793 cm
−1
, 
suggesting that the reaction was quantitative and the content of naphthalimide on the surface remained 
constant after several washes with dichloromethane.  
The amount of naphthalimide superficially bonded to the EBA was determined spectrophotometrically 
through measurement of absorbance at the peak maximum of the absorption band and using the 
absorption coefficient of N-(2-hydroxyethyl)-4-dimethylamino-1,8-naphthalimide in water-ethanol 






). Analysis of EBA-DMAN by UV spectroscopy provided a 
measure of the surface content of DMAN per unit area of polymer, and a concentration value of 2.4 
± 0.20 μg cm−2 was calculated for the EBA-DMAN film hydrolyzed after 6 h. For the materials with a 
lower initial degree of hydrolysis, a good correlation was observed between increasing the extent of 
acid chlorination on EBA and increased DMAN bonded to the EBA.  
 
2.4.3 Depth profiling of the functionalization by Confocal Raman Spectroscopy (CRS) 
Chemical functionalization of EBA-DMAN polymer films was studied using Raman microscopy. 
Both physical and chemical surface modification reactions generally result in the formation of a 
concentration gradient of the modifying groups through the film, and we used CRS to characterize the 
depth profile
33
 of DMAN anchored to the EBA-DMAN films.  
To obtain the depth profile of the films, a Raman microscope was focused stepwise (1 µm) from near 
the surface down to the center of each film, and the 1000 to 1800 cm
-1
 region of the spectrum was 
recorded at each step. In addition to the typical EBA polymer peaks, new characteristic bands emerged 
for graphitic material EBA-DMAN. 
The degree of modification as a function of depth was obtained from the relative intensity of the 
naphthalimide bands and (C-C) aromatic ring vibrations at 1585 cm
-1
 with respect to the (C-C) aliphatic 
chain vibrations of the EBA at 1296 cm
-1




)] leads to the 
















































Fig. 5. Relative depth profile of functionalization calculated from the evolution of the Raman band (C-
C) aromatic ring vibrations of naphthalimide at 1585 cm
-1
 (inset) versus depth. Spectra of a 
functionalized EBA-DMAN film (100 µm) were recorded using confocal Raman spectroscopy and 
normalized with respect to the intensity of the (C-C) band at 1296 cm
-1
 of the aliphatic chain vibrations 
of the EBA. 
 
The shape of the curve shown in Fig 5 confirms that the EBA has not only been modified at the 
surface, but a gradient of DMAN was also formed across the first 20 µm of film thickness until the 
naphthalimide Raman bands are negligible. Relative degrees of hydrolysis of the EBA and the 
subsequent functionalization are a function of the depth without any interface between the pure EBA 
layers and functionalized layers. This behavior has been described by other authors using this 
technique to modify polyvinyl chloride (PVC)
34
 and in the nitration of polystyrene
35
 without any 
swelling of the polystyrene film. In our reaction conditions of hydrolysis (6 h at 65 °C using 0.5M 
NaOH in isopropanol), the polyolefin film did not swell, and hence, the extent of hydrolysis (83.3% of 
butyl ester content of EBA) is confined to the first 20 μm from the surface down to the film center as 
the DMAN depth profile. 
CRS is a useful technique to measure the functionalization of polymer surface through the depth 








2.4.4 Influence of pH on the absorption and fluorescence properties of DMAN and EBA-DMAN 
Light excitation of DMAN elicits an electron donor-acceptor interaction between the unbound electron 
pair of the nitrogen atom at C-4 position toward the electron-accepting peri-carboximide groups
36,37
. 
This intramolecular electron charge transfer (ICT) results in a long-wavelength broad absorption band 
with absorption maximum at 445 and 402 nm for DMAN (Fig. 6A) and EBA-DMAN (Fig. 6B), 
respectively. Upon acidification, the maximum intensity of the band decreases from pH approximately 
3 to 0 (Fig. 6C). When the aromatic amine of the naphthalimide derivative is protonated at low pH 
values, the electron-withdrawing effect leads to fluorescence quenching (Fig. 6D). This effect can also 
be observed for the DMAN bonded to the surface of EBA (Fig. 6B). The effect of pH on the 











































































































 HCl 12M 














































































































Fig. 6. Spectroscopic characteristics as a function of pH of acid media: Absorption of  DMAN (A) and 
EBA-DMAN (B) and fluorescence of DMAN (D) and EBA-DMAN (E). Comparison of the 
absorption (C) and fluorescence (F) changes with pH for DMAN and EBA-DMAN.  
 
For EBA-DMAN, the decrease in absorbance and the corresponding quenching of fluorescence due to 
the amine protonation occurs at lower pH values than that obtained for DMAN (Fig. 6C and 6F). This 
fact could be due to the hydrophobic character of the EBA surface. Hence, EBA-DMAN films were 
used to evaluate the molarity of HCl aqueous solutions in the interval of 1-12 M with the change in 
absorbance (Fig. 6B) and fluorescence (Fig. 6E) characteristics as a function of pH
38
. Table 1 






Table 1:  Parameters for N-(2-hydroxyethyl)-4-dimethylamino-1,8-naphthalimide (DMAN) in solution 
and bonded to the polymer film (EBA-DMAN) determined according to pH dependence by UV-Vis 











When the DMAN chromophore is bonded to the EBA through the 2-hydroxyethyl group, the 
absorption and fluorescence maxima exhibit a marked hypsochromic shift of 40-60 nm without a 
decrease in intensity and maintaining the Stokes shift (Table 1). The fluorescence quantum yield of 
DMAN is low in polar and base-neutral media, but is drastically increased to 0.85 in hexane. These 
results are in agreement with those obtained by other authors
37
 for N-methyl-4-dimethylamino-1,8-
naphthalimide. The corresponding fluorescence quantum yields of EBA-DMAN were not determined 
because of difference between the functionalized film and the fluorescence standard used in solution, 
but the relative fluorescence intensities of EBA-DMAN were in the same intensity order: 
water:ethanol (4:1, v/v) << ethanol <<< hexane.      
The pKa of EBA-DMAN has a negative value (-0.88) and is lower than that of DMAN (1.41), as the 
dimethylamine protonation of EBA-DMAN occurs at lower pH than that observed for DMAN (Fig. 6).  
The EBA-DMAN material acts as an extreme acidity sensor by its absorbance and fluorescence 
characteristics. The sensor activity of EBA-DMAN was effective under several acid-water wash 
cycles (until 4-5 cycles), but with a prolonged response time (~2 h). Also, reversibility was observed 
with lower recovery of the fluorescence after the fourth cycle. One possibility to decrease the response 
time to acid media is to increase the hydrophilicity of the EBA surface though oxygen plasma 
Parameter DMAN EBA-DMAN 
ABS-acid      332, 346 nm 327, 348 nm 
Log acid  
(b)
 4.08 (332 nm)/4.05 (346 nm) - 
Isobestic 305, 360 nm 370 nm 
ABS-base  445 nm 402 nm 
Log base
(b )
 4.01  (445 nm) - 
pKa
(c ) 1.41 -0.88 
FLU-acid 548 nm 480 nm 
FLU-base 550 nm 488 nm 
FLU-(solvent)
(f) 0.032 (Water-Ethanol,4:1, v/v) 
0.035 (Ethanol) 
0.85 (Hexane) 
Water-Ethanol (4:1, v/v) < 
< Ethanol <<< Hexane 
(g ) 4290.1 4425.7 
a Measured at 10-4 M in water-ethanol (4:1, v/v).  The subscripts “acid” and “base” refer to the 
limiting value of a given parameter when the acid or base condition is increased respectively. 
Fluorescence emission spectra were obtained by excitation at MAX. 
b , molar absorptivity in M-1cm-1. 
c Obtained37 by analyzing the pH dependence of the absorbance (A) at a given wavelength according 
to the equation log[(Aacid− A)/(A − Abase)] = pH − pKa. 
f Relatively to coumarin 6 (F =0.78 in ethanol). 








treatment. In the next section, we report the results obtained from EBA-DMAN before and after 
plasma treatment as a sensor of acidity.  
 
2.4.5 Plasma treatment of EBA-DMAN films and characterization  
To enhance the hydrophilic characteristic of the functionalized EBA, the EBA-DMAN films were 
exposed to oxygen plasma for 30 min. Plasma treatment causes cleavage of macromolecular chains, 
generation of free radicals and oxygen-containing functionalities, and subsequent rearrangement of 
modified chains
39
. Plasma treatment can induce several surface changes
40
, with serious impacts on 
consequent applications such as alterations in biocompatibility and antibacterial properties
41
.  
These processes have a significant effect on surface wettability. The content of DMAN bonded to the 
polymer remained constant after the treatment, but important changes were observed in the water CA. 
The obtained results are summarized in Table 2.  
 
Table 2.  Contact angle (CA) and total (γ), polar (γp), and disperse (γd) surface energy data for EBA 
(7% of BA content) and the surface-modified EBA materials. 
 




 Water Diiodomethane γ γp γd 
EBA  106.5 55.0 29.38 0.38 29.00 
EBA-COOH 85.9 66.6 29.51 4.99 24.53 
EBA-DMAN 92.6 60.8 30.91 2.33 28.58 
EBA-pl-DMAN  41.0 51.5 62.39 28.44 33.95 
a Calculated using Owens-Wendt´s method24 
 
The plasma-treated film EBA-pl-DMAN exhibited a hydrophilic characteristic because of the presence 
of oxidative species on the surface
42
. The value of the water CA of EBA (7% BA), 106.5º, changed to 
92.6º for EBA-DMAN, and after 30 min of treatment with oxygen plasma (EBA-pl-DMAN), this 
value decreased to 41º. The measured CAs were then used to calculate the polar, disperse, and total 
surface energies of the modified EBA films. The change in the total surface energy () and its polar 
(p) and dispersive (d) components of the modified EBA films was calculated by the Owens-Wendt´s 
method. The variation in the values of total, polar and disperse solid surface energies (Table 2) of 






energy of EBA-DMAN increases from 30.91 mN.m
-1
 for untreated film to 62.39 mN.m
-1
 for oxygen 
plasma-treated film EBA-pl-DMAN. Compared with the untreated film, plasma-treated films have 
higher total surface energy, particularly for the polar component.  
The change in EBA-DMAN surface structure and the topography after oxygen plasma modification 
were imaged and measured by AFM. The AFM images of the untreated and oxygen plasma-treated 




Fig. 7. AFM images and surface roughness (Ra) of the modified polymer films: EBA-DMAN and 
oxygen plasma treated EBA-pl-DMAN.  
 
The average roughness (Ra) of untreated films was 12.5 nm, and their surface pattern was relatively 
smooth. After 30 min of oxygen plasma treatment, the treated EBA-pl-DMAN exhibited high density 
of height features distributed on the surface (Fig. 7). As expected, the average roughness was 
increased to 35.5 nm. The mean surface roughness of EBA-pl-DMAN was increased by approximately 
three times, confirming that the change in morphology is the result of the ion bombardment and 








2.4.6 Plasma treatment of EBA-DMAN films and response time to acid media 
The changes in fluorescence emission with HCl (37%, 12M) as a function of time are shown in Figure 



















Fig. 8. Fluorescence decay with time for EBA-DMAN (A) and oxygen plasma-treated EBA-pl-DMAN 
(B) films using HCl (37% w/w, 12 M) aqueous solution. Response time comparison between both 
materials (C) and reversibility of dimethylamine protonation of the functionalized surfaces of EBA-
DMAN (D) and EBA-pl-DMAN (E) after washing with distilled water and (F) fluorescence cells with 
EBA-pl-DMAN film, initial and after 30 min.         
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The oxygen plasma treatment substantially decreased the response time of the DMAN fluorescence in 
strong acid medium (HCl, 12M) from 80 minutes for EBA-DMAN to 30 min for EBA-pl-DMAN 
(Fig. 8C), together with a larger decay of fluorescence in the plasma-treated film. The increase in 
hydrophilicity imparted by the oxidative plasma on the film surface facilitates the penetration of the 
proton into the coordination sphere of the DMAN functional groups anchored to the first 20 µm of the 
film. The remaining nonprotonated DMAN chromophore after acid treatment was higher for the EBA-
DMAN film, as the residual fluorescence intensity is stronger than that observed for the EBA-pl-
DMAN film. This fact confirms a deeper penetration of protons into the plasma treatment material. 
Also, the reversibility of the dimethylamine protonation after washing with water was compared for 
both materials. Again, the extent of deprotonation is lower for EBA-DMAN (Fig. 8D), as the 
fluorescence intensity of EBA-pl-DMAN (Fig. 8E) was totally recovered after washing with distilled 
water. Thus, oxygen plasma treatment improved the sensitivity of the functionalized EBA surface to 
the acid medium.   
The response time of functionalized films to the extremely acid environment was also studied in the 
vapor phase, it was observed that the spectroscopic characteristics of DMAN bonded to the polymer 
were sensitive to the acid vapor medium. It was necessary to maintain the film for approximately 1 h 






































Fig. 9. Absorption changes with HCl vapors as a function of time (0-120 min) for functionalized films 
of EBA-DMAN (A) and EBA-pl-DMAN (B). Light-blue fluorescence (488 nm) decreases after 120 
min. of vapors treatment for EBA-DMAN (C) and EBA-pl-DMAN (D).     
 
Both functionalized materials are sensitive to HCl vapors through their ICT absorption bands at the 
longest wavelength (Fig. 9A and 9B). The plasma-treated EBA-pl-DMAN film exhibits better 
behavior in fluorescence decay after 120 min of vapor treatment (Fig. 9D) than the untreated EBA-
DMAN film (Fig. 9C). The vapor penetration into the surface materials was improved by the surface 
oxidation induced by the plasma.  
The hydrophilicity of the EBA surface clearly improved the sensor activity of the DMAN 
chromophore bonded to the surface. 
In this study, we have described a useful procedure to modify and functionalize the polyolefin 
copolymer EBA, thereby opening the possibility of anchoring numerous interesting structures 
containing functionalities capable of reaction with acid chlorine groups introduced by microwave 





















































































































solution and vapor phases. The post-functionalization treatment with oxygen plasma decreased the 
response time to the acid media and increased the penetration of protons into the material. This 
functionalization with dimethylamine naphthalimide derivatives such as those used in this study or 
other fluorescence probes could result in a variety of film sensors of significant interest in 
environmental applications.      
 
2.5 Conclusions 
In conclusion, we have demonstrated that microwave irradiation allows rapid and efficient attachment 
of hydroxyl naphthalimide functionalities to superficially acid-chlorinated ethylene-butyl acrylate 
copolymers (EBA-COCl). The previous modifications of EBA (7% of BA) films (hydrolysis and acid 
chlorination) occur efficiently in a heterogeneous phase under our experimental conditions.  
CRS was a useful technique to measure the functionalization of the polymer surface through the depth 
profile, and the results demonstrated that the heterogeneous modification was confined to the first 20 
µm from the surface down to the film center.   
The surface-modified films with N-(2-hydroxyethyl)-4-dimethylamino-1,8-naphthalimide (EBA-
DMAN) at a concentration of 2,4 ± 0.20 μg cm−2 determined by UV-spectroscopy exhibited properties 
as a reversible acidity sensor (until 4-5 cycles).  The decrease in absorbance (ICT absorption band) 
and the corresponding quenching of fluorescence because of the amine protonation of EBA-DMAN 
film occurs at lower pH values than that obtained for DMAN, and the solid sensor was used to 
evaluate the molarity of HCl solutions in the interval of 1-12 M. 
Oxygen plasma treatment of the functionalized films increased appreciably the hydrophilic 
characteristic of the surface (EBA-pl-DMAN), and the DMAN content bonded to the polymer 
remained constant after the treatment.  The plasma treatment decreased the response time of the 
DMAN fluorescence to a strong acid medium (from 80 minutes for EBA-DMAN to 30 min for EBA-
pl-DMAN in HCl, 12M) and thus improved reversibility.  
DMAN films bonded to the polymer were sensitive to the acid vapor medium, and the films treated 
with plasma (EBA-pl-DMAN) exhibited a better behavior in fluorescence decay, confirming that 
vapor penetration into the surface materials was improved by the surface oxidation induced by the 
plasma.  
This new procedure using microwave reactions in a heterogeneous phase opens up the possibility to 
attach numerous interesting structures to polyolefin surfaces for application in materials of significant 
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Fluorescence sensors obtained by functionalization of 
photocrosslinked water-swollen acrylic membranes with 4-piperazine 















3 FLUORESCENCE SENSORS OBTAINED BY FUNCTIONALIZATION OF 
PHOTOCROSSLINKED WATER-SWOLLEN ACRYLIC MEMBRANES WITH 4-




A photocrosslinked membrane (M-Cl) based on vinyl-pyrrolidone/butyl acrylate containing ethylene 
glycol dimethacrylate as a crosslinking agent and methacryloyl chloride as reactive monomer has been 
prepared for further functionalization. A series of hydroxy substituted piperazine naphthalimide 
compounds have been synthetized as pH sensitive Off-On fluorescence probes using two methods: 
microwave and reflux. Three of the derivatives were selected to be anchored to the M-Cl membrane 
through the acid chloride groups by the Schotten-Baumann reaction. All the obtained water-swollen 
membranes were characterized using different techniques. Photo-induced electron transfer (PET) and 
its pH-dependent optical changes were investigated and various photochemical parameters were 
determined by using pH-dependent absorption and fluorescence spectroscopies. In the pH range of 
9.0-4.0, these solid sensors undergo PET process from the piperazine to the naphthalimide moiety 
leading to a fluorescence quenching. However, in the pH range of 4.0–1.0, the PET is inhibited to give 
a fluorescence enhancement. The sensitivity of the functionalized membranes to pH changes depended 

















Polymeric membranes have been widely utilized as a support material for various types of sensors and 
also used in systems where the environmental information is gathered by the measurement of photons. 





 sensors. Hydrophilic polymer matrices are widely used for immobilization of optical 
indicators due to their advantages such as fast response time, low cost, flexibility and their capability 
for deposition into various types of substrates.  
In recent years, the developments of fluorescence pH sensors have attracted considerable attention 
because of their potential application in environmental analytics, medical diagnostics and process 
control
4,5
. Compared to small organic compounds, polymer based optical sensors display several 
important advantages as they can be non-invasive or minimally invasive, disposable, easily 
miniaturized and simple to process as a membrane, coating or solid layer on adequate surfaces
6,7
. The 
most widely used technique amongst optical sensors is the measurement of fluorescence intensity. 
Among the large number of fluorescent structures that have been developed, 1,8-naphthalimide 
derivatives have numerous applications in a variety of different areas. They have gained increasing 






 because they have been 
recognized for excellent photophysical properties with excellent stability, visible excitation and 
emission exhibiting high fluorescence quantum yields and large Stokes' shift that minimize the effects 
of the background fluorescence.  










particular alkylpiperazinyl derivatives of naphthalimides have been studied and their behavior as 
proton “off–on” switch sensors has been demonstrated as very sensitive 21 , 22  and interesting for 
applications
23
 in complex media.  
In an earlier work, we modified the surface of a film based on a copolymer of ethylene butyl acrylate 
with a naphthalimide derivative as an acidity sensor 
24
. Even though the functionalized film was 
effective as an acid sensor, the hydrophobicity of the polyolefin surface modified with 4-
dimethylamino-1,8-naphthalimide (water contact angle value of 92.6º) increased the time of its 
response to acid media.  
Vinyl-pyrrolidone (VP) based materials exhibit highly interesting properties due to its unique 
combination of physical and chemical properties (biocompatibility, nontoxicity, chemical stability, 
good solubility in water and many organic solvents, affinity to both hydrophobic and hydrophilic 









In this work we have prepared a photocrosslinked membrane based in vinyl-pyrrolidone/butyl acrylate 
and added ethylene glycol dimethacrylate as the crosslinking agent and methacryloyl chloride as the 
reactive monomer for further functionalization. Through the acid chloride groups, three derivatives of 
naphthalimide were anchored to obtain solid fluorescence sensors. The membrane preparation and the 
functionalization with naphthalimides are shown in Fig. 1.  
 
 
Fig.1. Synthesis of the photocrosslinked acrylic membrane containing acid chloride groups (M-Cl) and 
functionalization with the selected naphthalimide structures. 
 
The naphthalimides linked to the membrane containing acid chloride (M-Cl) were selected from a 
series of naphthalimide derivatives previously synthetized in this work using two methods: microwave 
and reflux. The structures of the series (Fig. 2) are hydroxyl derivatives of piperazine 1,8-
naphthalimides which have been reported to have excellent fluorescence properties
21,22
. The 
membranes were characterized and the spectroscopic characteristics of the naphthalimide derivatives 










3.3.1 Materials and reagents  
All materials and solvents were commercially available and used as received, unless otherwise 
indicated. The materials included: sodium hydroxide (Panreac, 98-100.5%), hydrochloric acid (VWR 
Chemicals, 37%), ultrapure MilliQ water (Millipore), triethylamine (Aldrich, ≥99%), 4-bromo-1,8-
naphthalic anhydride (Aldrich, 95%), potassium carbonate (Panreac, 99%), 2-aminoethanol (Aldrich, 
99%), 2-methoxyethylamine (Aldrich, 99%), piperazine (Aldrich, 99%), 1-methylpiperazine (Aldrich, 
99%), 1-(2-hydroxyethyl)piperazine (Aldrich, 98%), 1-[2-(2-hydroxyethoxy)ethyl]piperazine 
(Aldrich, 95%) ethanol (VWR Chemicals, 99.95%), dimethylformamide (Scharlau, 99.8%), Irgacure 
2959 photoinitiator (BASF), ethyl acetate (Aldrich, ≥99.5%), hexane (Carlo Erba Reagents, 99%), 2-
propanol (Scharlau, 99.5%), dichloromethane (Aldrich, ≥99.9%), toluene (Merck, ≥99.9%), diethyl 
ether (Carlo Ebra, >99.8%), 1,4-dioxan (Panreac, 99%), tetrahydrofuran (Aldrich, 99.9%), chloroform 
(Scharlau, 99%), acetone (Scharlau, 99.5%), acetonitrile (Aldrich, ≥99.5%), 1-butanol (Panreac, 
99.5%), methanol (Aldrich, ≥99.8%), coumarin 6 (Aldrich, 98%), dimethylsulfoxide D6 (Euriso-top, 
99.8% D), chloroform-d (Aldrich, 99.8% D), diiodomethane (Aldrich, 99%). 
Monomers, 1-vinyl-2-pyrrolidone (Aldrich, ≥97%), butyl acrylate (Aldrich, ≥99%) and ethylene 
glycol dimethacrylate (Aldrich, 98%) and methacryloyl chloride (Aldrich, ≥97%) were distilled under 
vacuum to remove the inhibitor before use.  
 
3.3.2 Spectroscopic characterization and thermal analysis 
Attenuated Total Reflectance / FT-Infrared Spectroscopy (ATR-FTIR) was used to characterize 
naphthalimide derivatives and membranes. ATR-FTIR spectra were obtained using a PERKIN 
ELMER BX-FTIR Spectrometer coupled with a MIRacle
TM
ATR accessory, from PIKE Technologies 
and interferograms were obtained from 32 scans.  
UV spectroscopy was employed for the quantitative determination of each hydroxyl-piperazine-
naphthalimide derivative anchored to acrylic membranes in a PERKIN ELMER Lambda 35 
spectrometer. The naphthalimide content was determined through measurement of absorbance at the 
peak maximum of the absorption band.  Assessment was made in quintuplicate for each material. 
Fluorescence spectra were recorded using a Perkin Elmer LS 55 Fluorescence Spectrometer. 
Fluorescence emission spectra of the probe were recorded in the range 490–700 nm using as the 






corrected using the response curve of the photomultiplier. The fluorescence quantum yields (F) were 
measured relatively to Coumarin 6 (F =0.78 in ethanol)
27
. 




C- NMR spectra were recorded on a Varian-Mercury 400 
MHz and a Bruker 300 MHz Nuclear Magnetic Resonance Spectrometers using hexadeuterated 
dimethyl sulfoxide (DMSO-d6) and chloroform-d (CDCl3) as the solvent. Chemical shifts were 




C-NMR chemical shifts were referenced to 
DMSO-d6 (2.5 and 39.52 ppm respectively) or CDCl3 (7.25 and 77.0 ppm respectively) as standard. 
Mass Spectra (MS) were recorded on a HP 5973-MSD spectrometer.   
Differential Scanning Calorimetry (DSC) was performed on a METTLER DSC-823e instrument (30–
180 ºC) previously calibrated with an indium standard (Tm= 429 K, Hm= 25.75 Jg−1). Samples (10 
mg) were tightly sealed onto the DSC pans and heating or cooling at 10 ºC·min
-1
 rates under nitrogen. 
DSC was used to measure the glass transition temperature of the acrylic membranes and the melting 
points of the naphthalimide derivatives. The glass transition temperature of the membranes (Tg) were 
determined in a second scan after erasing the previous thermal history of the material in a first scan. 
Rate of 10 ºC /min under nitrogen flow (30 psi). 
 Thermogravimetric Analysis (TGA) was carried out in a TGA Q-500 TA Instruments coupled to a 
Pfeiffer Vacuum ThermoStar
TM
 mass spectrometer. The weight loss was measured as a function of 
temperature, and the evolved gas masses were directly monitored. The heating rate for the dynamic 
conditions was 10 ºC·min
-1
, and the nitrogen flow was maintained constant at 60 ml·min
-1
. The onset 
degradation temperature (TOnset) was defined as the initial temperature of degradation, corresponding 
to the intersection of the tangent drawn at the decomposition step with the horizontal zero-line of the 
TG curve. 
Elemental analysis (EA) was carried out on a Carlo Erba EA1108 elemental analyzer (% of C, H, N).  
 
3.3.3 Swelling Ratio and water contact angle measurements 
Swelling degree (SD) in water and THF of the crosslinked membranes were measured by immersing 
dried and weighed sample films (Wd) into deionized water or THF at 30 ºC for 24 h. The superficial 
solvent was removed and the samples were immediately weighed (Ws). The SD were calculated as 







Contact angle (CA) measurements were performed at 25 °C using a KSV instruments LTD CAM200 
Tensiometer and MilliQ water as wetting solvent. Surface energy was determined using two liquids 
(water and methylene iodide) for the measurements. On the basis of Owens–Wendt's method28, the 
surface energy (γ) and its dispersive (γd) and polar (γp) parts were calculated using the CAM 200 
software. 
 
3.3.4 Microwave and UV irradiation equipments 
The microwave equipment used in this work was an Anton Paar Monowave
TM 
300 microwave 
synthesis reactor provided with an infrared sensor (IR pyrometer). All reactions were performed in 
pressure-resistant 30-mL test tubes sealed with silicon septum and using a magnetic stirring bar. 
The photopolymerization reactions were carried out in a Biolink™ BLX-365 type Bio-link apparatus 
(Vilbert Lourmat™). 
 
3.3.5 Membrane preparation by photopolymerization (M-Cl) and functionalization with HO-
piperazine-naphthalimide derivatives   
The reaction scheme for the photopolymerization reaction and the membrane functionalization with 
naphthalimide is shown in Figure 1.  
A crosslinked membrane (M-Cl) was obtained by the bulk photopolymerization of a mixture of 
monomers: N-vinylpyrrolidone (VP), butyl acrylate (BA), ethylene glycol dimethacrylate 
(EGDMMA) as the crosslinking agent and methacryloyl chloride (MACl) as the reactive monomer. 
The monomer molar ratio of the feed mixture was VP:55/BA:35/MACl:10/EGDMMA:5 and the 
photoinitiator (Irgacure 2959) was added to the mixture at 1% (w/w). The homogenous mixture was 
transferred to an ampoule, degassed by argon bubbling for 15 min and injected into a previously 
degassed silanized glass mould. The two glass pieces were separated by a Teflon spacer of 180 µm 
thick to define the reaction chamber. After 40 minutes of irradiation at 365 nm (dose 20 J cm
−2
), the 
transparent crosslinked membrane (180 µm of thickness) was demoulded and conditioned (12h) at 
room temperature under argon atmosphere. The crosslinked membranes were then washed several 
times with ethanol and dried under vacuum at 40 °C to remove the un-reacted monomers. The 
presence of acid chloride was confirmed by ATR-FTIR (wavenumbers,cm
−1
), C=O acyl chloride 1795 
cm
-1
; C-Cl 898 cm
-1
 together with the characteristic co-monomers bands of VP C=O lactam, amide-I 
1675 cm
-1
 and BA, C=O ester 1725 cm
-1
; C-O (O-CH2-) ester 1161 cm
-1






determination of chlorine in the membrane (2.8%) was carried out by TGA-MS (Table 1 and Fig. 3B 
and C).   
In a second step, the M-Cl film was cut into strips (1 × 4 cm) and functionalized in the solid state with 
the naphthalimide derivatives synthetized in this work (Fig 2). The procedure was as follows: the M-
Cl membrane was placed in an ace round-bottom pressure flask with 20 mL of THF. 10 mg of 
hydroxy-piperazine naphthalimide derivative (4a, 5b or 6b) and 500 µL of triethylamine were added 
under argon atmosphere. The mixture was heated at 55 °C for 15h. After this reaction time, the 
corresponding modified membranes M-4a, M-5b and M-6b were washed with cold ethanol and with 
water thrice in order to remove the unreacted acid chloride groups and the unreacted naphthalimide. 
The hydrolysis reaction of unreacted acid chloride groups was confirmed by ATR-FTIR and by TGA-
MS as the characteristic peak of acid chloride was not present (Fig. 3C). After drying, the transparent 
functionalized membranes exhibited an intense yellow–green fluorescence and the content of 
naphthalimide was quantitatively determined by UV–Vis spectroscopy (Table 1). The characteristic 
peaks of naphthalimide structures in the membranes were not clearly observed in the ATR-FTIR 
spectra due to their low intensity and their overlap with the broad absorptions of the membrane 
functional groups.  
 
3.3.6  Synthesis of the naphthalimide derivatives 
Compound 2a was synthesized following the procedure (Fig. 2) described in the bibliography. All the 
naphthalimide derivatives were synthetized using microwave (MW) and reflux (RF) methods with the 
same experimental conditions but differing in reaction times and yields. The RF reactions times were 
larger (15 h for all the reactions) and RF yields were lower than those obtained under MW irradiation. 



































Fig.2. Synthesis of the naphthalimide derivatives and their corresponding reaction times and yields for 
microwave (MW) and reflux (RF) methods.  
 
 
To synthesize the desired piperazinyl derivative of naphthalimide, two bromide derivatives of 
naphthalimide containing 2-hydroxyethyl (Compound 2a) and 2-methoxyethyl (Compound 2b) groups 
were synthesized following the procedure described in the bibliography
29,30
. In a second step, the 
bromide atom was substituted by piperazinyl groups (Fig. 2) following a modified method similar to 












2a 2 90 15 76 
2b 2 93 15 80 
3a 1 84 15 64 
4a 1 85 15 67 
5a 1 88 15 68 
6a 1 85 24 70 
3b 1 84 15 69 
4b 1 83 15 73 
5b 1 84 15 71 






3.3.6.1 Synthesis of N-(2-hydroxyethyl)-4-bromo-1,8-naphthalimide (2a) 
In a pressure-resistant microwave test tube, a mixture of 4-bromo-1,8-naphthalic anhydride 
(compound 1)  (1.4 g, 5 mmol) and ethanol amine (0.4 g, 5 mmol) in ethanol (15 ml) was heated under 
argon at 85 ºC and stirred at 600 rpm for 2h. The resulting mixture was cooled at 5 °C. The solid 
separated was filtered and washed with cold ethanol (3 x 30 ml) and after dried was identified as N-
hydroxyethyl-4-bromo-1,8-naphthalimide (compound 2a). Yield 90% (1.4 g). M.p.: 206 ± 2 ºC. 
 1
H-
NMR (H ppm) (300 MHz, DMSO-d6, Me4Si): δ 8.42 (dd, J = 13.9, 7.9 Hz, 2H), 8.20 (d, J = 7.9 Hz, 
1H), 8.10 (d, J = 7.8 Hz, 1H), 7.89 (t, J = 7.9 Hz, 1H), 4.81 (s, 1H), 4.10 (t, J = 6.4 Hz, 2H), 3.61 (t, J 
= 5.9 Hz, 2H). 
13
C-NMR (C ppm) (100.6 MHz, DMSO-d6, Me4Si): δ 162.90, 162.85, 132.41, 131.42, 
131.24, 130.80, 129.61, 128.98, 128.67, 128.14, 122.70, 121.92, 57.71, 41.95. FT-IR (wavenumbers, 
cm
-1
): OH  3386 cm
-1
; C-H 3066 cm
-1
 aromatic stretch vibration  C=O 1692, 1658 cm
-1
; N-C=O 1611 cm
-
1
; C-C 1585, 1568 cm
-1
 aromatic ring chain vibrations. EA: theoretical values: %C 52.52; %H 3.15; 
%N 4.38; experimental values: %C 52.42; %H 3.25; %N 4.25. EI-MS m/z calculated for C14H10BrNO3 
(M+H)
+
 321.0; found 321.0. 
 
3.3.6.2 Synthesis of N-(2-methoxyethyl)-4-bromo-1,8-naphthalimide (2b) 
Compound 2b was synthetized following the same procedure described for compound 2a from but 
using 2-Methoxyethylamine (0.38 g, 5 mmol) as a reactive amine. Yield 93% (1.55 g).  M.p.: 163.57 ± 
2 ºC. 
 1
H-NMR (H ppm) (300 MHz, CDCl3, Me4Si): δ 8.62 (d, J = 7.3 Hz, 1H), 8.52 (d, J = 8.4 Hz, 
1H), 8.38 (d, J = 7.9 Hz, 1H), 8.00 (d, J = 7.9 Hz, 1H), 7.85 – 7.77 (m, 1H), 4.42 (t, J = 5.8 Hz, 2H), 
3.72 (t, J = 5.8 Hz, 2H), 3.37 (s, 3H). 
13
C-NMR (C ppm) (100.6 MHz, CDCl3, Me4Si): δ 163.80, 
163.78, 133.38, 132.26, 131.43, 131.18, 130.68, 130.40, 129.12, 128.16, 123.09, 122.23, 69.68, 58.92, 
39.50. FT-IR (wavenumbers, cm
-1
): C-H 3065 cm
-1
 aromatic stretch vibration; O-CH3 2824,2832 cm
-1
; 
C=O 1698, 1655 cm
-1
; N-C=O 1613 cm
-1
; C-C 1589, 1570 cm
-1
 aromatic ring chain vibrations.  EA: 
theoretical values: %C 53.91; %H 3.62; % N 4.19; experimental values % C 53.82; % H 3.65; % N 
4.22. EI-MS m/z calculated for C15H12BrNO3 (M+H)
+
 335.0; found 335.0. 
Synthesis of compounds 2a and 2b were also carried out in an ace round-bottom pressure flask and 









3.3.6.3 Synthesis of N-(2-hydroxyethyl)-4-(piperazine-1-yl)-1,8-naphthalimide (3a)  
In a pressure-resistant microwave test tube, compound 2a (0.20 g, 0.625 mmol) and piperazine (0.16 g, 
1.875 mmol) were mixed in 2-methoxyethanol (5 mL) and heated at 130 ºC in argon atmosphere under 
constant stirring (600 rpm) for 1 h. The mixture was poured into cooled ice/water at 5 °C and the 
residue was filtered and washed with hot ethanol (30 mL). The solution was filtered and the solvent 
removed under reduced pressure in order to obtain the yellow solid compound. M.p.: 219.23 ± 2 ºC. 
MW-yield: 84%.  RF method for compound 3a yielded a 64% after 15 h of reaction time. 
1
H NMR 
(300 MHz, DMSO-d6) δ 8.48 – 8.41 (m, 2H), 8.38 (d, J = 8.1 Hz, 1H), 7.79 (t, J = 7.8 Hz, 1H), 7.30 
(d, J = 8.2 Hz, 1H), 4.78 (s, 1H), 4.13 (t, J = 6.4 Hz, 2H), 3.60 (s, 2H), 3.13 (s, 4H), 3.00 (s, 4H). 
13
C 
NMR (75 MHz, DMSO) δ 163.65, 163.11, 156.20, 132.14, 130.48, 129.15, 125.78, 125.22, 122.59, 
115.33, 114.79, 57.86, 54.10, 45.67, 41.60. FT-IR (wavenumbers, cm
-1
): NH  3248 cm
-1
; C-H 3066 cm
-
1
 aromatic stretch vibration;  C=O 1685, 1642 cm
-1
; N-C=O 1613 cm
-1
; C-C 1586, 1571 cm
-1
 aromatic 
ring chain vibrations; NH  1514 cm
-1
 flexion. EA: theoretical values: %C 66.45; %H 5.89; %N 12.91; 
experimental values: %C 66.55; %H 5.93; %N 12.96. EI-MS m/z calculated for C18H19N3O3: (M+H)
+
 




3.3.6.4 Synthesis of N-(2-hydroxyethyl)-4-(4-methylpiperazine-1-yl)-1,8-naphthalimide (4a) 
The synthesis of compound 4a was similar to the preparation procedure of the compound 3a but using 
1-methylpiperazine (208 µL, 1.875 mmol) as a reactive amine. The MW yield was 85% after 1 h and 
RF yield 67% after 15h. Compound 4a was purified by silica gel column chromatography using 





H NMR (300 MHz, DMSO-d6) δ 8.43 (dd, J = 11.9, 8.1 Hz, 2H), 8.37 (d, J = 8.2 Hz, 1H), 7.79 
(t, J = 7.8 Hz, 1H), 7.31 (d, J = 8.1 Hz, 1H), 4.81 (t, J = 5.7 Hz, 1H), 4.12 (t, J = 6.4 Hz, 2H), 3.59 (d, 
J = 6.2 Hz, 2H), 3.22 (s, 4H), 2.63 (s, 4H), 2.30 (s, 3H).
13
C NMR (75 MHz, DMSO) δ 163.61, 163.07, 
155.51, 132.04, 130.48, 130.31, 129.08, 125.87, 125.20, 122.59, 115.56, 114.93, 57.85, 54.63, 52.50, 
45.74, 41.60. FT-IR (wavenumbers, cm
-1
): OH  3435 cm
-1
; C-H 3060 cm
-1
 aromatic stretch vibration; 
C=O 1692, 1635 cm
-1
; N-C=O 1612 cm
-1
; C-C 1585 cm
-1
 aromatic ring chain vibrations.  Elemental 
analysis, theoretical value %C 67.24; %H 6.24; %N 12.38; calculate %C 67.15; %H 6.15; %N 12.29. 
EI-MS m/z calculated for C19H21N3O3: (M+H)
+











3.3.6.5 Synthesis of N-(2-hydroxyethyl)-4-(4-(2-hydroxyethyl)-piperazine-1-yl)-1,8-
naphthalimide (5a) 
The synthesis of compound 5a was similar to the preparation procedure of the compound 3a but using 
1-(2-Hydroxyethyl)piperazine (230 µL, 1.875 mmol) as a reactive amine. Compound 5a was purified 
by silica gel column chromatography using dichloromethane:methanol (20:1) as an  eluent to obtain an 
yellow solid. M.p.: 178.36 ± 2 ºC. The MW yield was 88% after 1 h and RF yield 68% after 15h.  
1
H 
NMR (300 MHz, DMSO-d6) δ 8.49 – 8.41 (m, 2H), 8.39 (d, J = 8.1 Hz, 1H), 7.84 – 7.76 (m, 1H), 7.33 
(d, J = 8.1 Hz, 1H), 4.81 (t, J = 5.9 Hz, 1H), 4.49 (t, J = 5.3 Hz, 1H), 4.13 (t, J = 6.5 Hz, 2H), 3.65 – 
3.51 (m, 6H), 3.23 (s, 4H), 2.74 (s, 4H).
 13
C NMR (75 MHz, DMSO) δ 163.94, 163.41, 155.88, 
132.38, 130.82, 130.67, 129.42, 126.19, 125.51, 122.92, 115.85, 115.17, 60.57, 58.95, 58.19, 53.50, 
53.00, 41.94. FT-IR (wavenumbers, cm
-1
): OH  3260, 3146 cm
-1
; C-H 3052 cm
-1
 aromatic stretch 
vibration; C=O 1695, 1644 cm
-1
; N-C=O 1613 cm
-1
; C-C 1589, 1576 cm
-1
 aromatic ring chain vibrations. 
EA: theoretical values %C 65.03; %H 6.28; %N 11.37; experimental values: %C 65.00; %H 6.25; %N 
11.31. EI-MS m/z calculated for C20H23N3O4: (M+H)
+




3.3.6.6 Synthesis of N-(2-hydroxyethyl)-4-(4-[2-(2-hydroxyethoxy)ethyl]-piperazine-1-yl)-1,8-
naphthalimide (6a) 
The synthesis of compound 6a was similar to the preparation procedure of the compound 3a but using 
1-[2-(2-hydroxyethoxy)ethyl]piperazine (308 µL, 1.875 mmol) as a reactive amine. After completion 
of the reaction, the solvent was evaporated under reduced pressure and the crude product was then 
diluted in 50 ml of water. The precipitated product was then ﬁltered off. The aqueous part was 
extracted with dichloromethane (3 x 30 mL) and the organic layer was dried over K2CO3. The solvent 
was evaporated under reduced pressure to obtain a yellow solid. M.p.: 170.20± 2 ºC. For compound 6a 
the MW yield was 85% after 1 h and RF yield 70% after 24h. 
 1
H NMR (300 MHz, DMSO-d6) δ 8.47 
– 8.39 (m, 2H), 8.37 (d, J = 8.1 Hz, 1H), 7.79 (t, J = 7.9 Hz, 1H), 7.31 (d, J = 8.2 Hz, 1H), 4.79 (t, J = 
5.8 Hz, 1H), 4.63 (t, J = 5.0 Hz, 1H), 4.13 (t, J = 6.5 Hz, 2H), 3.62 – 3.54 (m, 4H), 3.54 – 3.48 (m, 
2H), 3.45 (d, J = 4.6 Hz, 2H), 3.22 (s, 4H), 2.75 (s, 4H), 2.65 – 2.58 (m, 2H).13C NMR (75 MHz, 
DMSO) δ 163.63, 163.09, 155.52, 132.07, 130.51, 130.35, 129.08, 125.88, 125.18, 122.58, 115.53, 
114.88, 72.29, 68.31, 60.32, 57.88, 57.28, 53.15, 52.64, 41.62. FT-IR (wavenumbers, cm
-1
): OH  3374 
cm
-1
; C-H 3066 cm
-1
 aromatic stretch vibration;  C=O 1690, 1650 cm
-1
; N-C=O 1616 cm
-1
; C-C 1588 cm
-1
 
aromatic ring chain vibrations. EA: theoretical values %C 63.91; %H 6.58; %N 10.16; experimental 
values: %C 63.97; %H 6.62; %N 9.60. EI-MS m/z calculated for C22H27N3O5: (M+H)
+









3.3.6.7 Synthesis of N-(2-methoxyethyl)-4-(piperazine-1-yl)-1,8-naphthalimide (3b) 
Compound 2b (0.20 g, 0.598 mmol) and piperazine (0.155 g, 1.794 mmol) were mixed in 2-
methoxyethanol (5 mL) and heated under MW radiation at 130 ºC in an argon atmosphere under 
constant stirring (600 rpm) for 1 h. After completion of the reaction, the solvent was evaporated under 
reduced pressure and the crude was washed with water and filtered to obtain the compound as a 
yellow solid. M.p.: 145.60 ± 2ºC. The MW yield was 84% after 1 h and by conventional heating, RF 
yield 69% after 15h. 
1
H NMR (300 MHz, DMSO-d6) δ 8.48 – 8.41 (m, 2H), 8.40 (s, 1H), 7.83 – 7.75 
(m, 1H), 7.30 (d, J = 8.1 Hz, 1H), 4.23 (t, J = 6.1 Hz, 2H), 3.57 (t, J = 6.1 Hz, 2H), 3.26 (s, 3H), 3.15 
(s, 4H), 3.00 (s, 4H). 
13
C NMR (75 MHz, DMSO) δ 163.50, 162.94, 156.29, 132.25, 130.58, 129.09, 
125.75, 125.17, 122.33, 115.00, 114.77, 68.67, 57.94, 54.08, 45.66, 38.33. FT-IR (wavenumbers, cm
-
1
): NH  3248 cm
-1
; C-H 3069 cm
-1
 aromatic stretch vibration; O-CH3 2828, 2808 cm
-1
  C=O 1690, 1650 
cm
-1
; N-C=O 1613 cm
-1
; C-C 1588, 1572 cm
-1
 aromatic ring chain vibrations; NH  1514 cm
-1
 flexion.  
EA: theoretical values %C 67.24; %H 6.24; %N 12.38; experimental values: %C 67.20; %H 6.18; %N 
12.31. EI-MS m/z calculated for C19H21N3O3: (M+H)
+




3.3.6.8 Synthesis of N-(2-methoxyethyl)-4-(4-methylpiperazine-1-yl)-1,8-naphthalimide (4b) 
Compound 4b was synthetized by mixing compound 2b (0.2 g, 0.598 mmol), 1-methylpiperazine (200 
µL, 1.7964  mmol) in 5 mL of  2-methoxyethanol and following the same procedure as for compound 
3b. M.p.: 139.44 ± 2 ºC. The MW yield was 83% after 1 h and by conventional heating, RF yield 73% 
after 15h.
 1
H NMR (300 MHz, DMSO-d6) δ 8.42 (dd, J = 12.3, 8.0 Hz, 2H), 8.36 (d, J = 8.1 Hz, 1H), 
7.83 – 7.73 (m, 1H), 7.31 (d, J = 8.2 Hz, 1H), 4.22 (t, J = 6.1 Hz, 2H), 3.57 (t, J = 6.1 Hz, 2H), 3.25 (s, 
3H), 3.22 (s, 4H), 2.63 (s, 4H), 2.30 (s, 3H). 
13
C NMR (75 MHz, DMSO) δ 163.51, 162.97, 155.66, 
132.21, 130.64, 130.51, 129.08, 125.93, 125.21, 122.40, 115.29, 114.99, 68.67, 57.94, 52.49, 45.73, 
38.36. FT-IR (wavenumbers, cm
-1
): C-H 3067 cm
-1





; C-C 1586, 1574 cm
-1
 aromatic ring chain vibrations. EA: theoretical values %C 
67.97; %H 6.56; %N 11.89; experimental values %C 67.87; %H 6.56; %N 11.80. EI-MS m/z 
calculated for C20H23N3O3: (M+H)
+




3.3.6.9 Synthesis of N-(2-methoxyethyl)-4-(4-(2-hydroxyethyl)-piperazine-1-yl)-1,8-
naphthalimide (5b) 
The synthesis of compound 5b was similar the preparation procedure of the compound 3b but using 1-
(2-Hydroxyethyl)piperazine (220 µL, 1.796 mmol) as a reactive amine. Compound 5b was purified by 










H NMR (300 MHz, Chloroform-d) δ 8.57 (d, J = 7.2 
Hz, 1H), 8.50 (d, J = 8.0 Hz, 1H), 8.39 (d, J = 8.4 Hz, 1H), 7.67 (t, J = 7.8 Hz, 1H), 7.20 (d, J = 8.0 
Hz, 1H), 4.41 (t, J = 5.6 Hz, 2H), 3.71 (t, J = 5.3 Hz, 4H), 3.36 (s, 3H), 3.30 (s, 4H), 2.84 (s, 4H), 2.75 
– 2.65 (m, 2H). 13C NMR (75 MHz, CDCl3) δ 164.94, 164.45, 156.25, 133.07, 131.63, 130.66, 130.32, 
126.53, 126.05, 123.55, 117.09, 115.33, 70.09, 59.83, 59.18, 58.31, 53.48, 53.41, 39.49. FT-IR 
(wavenumbers, cm
-1
): OH  3140 cm
-1 
; C-H 3052 cm
-1





; C-C 1589, 1576 cm
-1
 aromatic ring chain vibrations. Elemental analysis, theoretical 
value %C 65.78; %H 6.57; %N 10.96; calculate %C 65.87; %H 6.68; %N 11.04. EI-MS: m/z 
calculated for C21H25N3O4 (M+H)
+




3.3.6.10 Synthesis of N-(2-methoxyethyl)-4-(4-[2-(2-Hydroxyethoxy)ethyl]-piperazine-1-yl)-1,8-
naphthalimide (6b) 
Compound 2b (0.2 g, 0.5988 mmol), 2-[2-(1-Piperazinyl)ethoxy]ethanol (295µL, 1.7964 mmol) was 
mixed in 5 mL of  2-methoxyethanol and heated at 130 °C in argon atmosphere. The mixture was 
stirred at 600 rpm for 1 h. After completion of the reaction, the solvent was evaporated under reduced 
pressure and the crude product was then diluted in 50 ml of water. The precipitated product was then 
filtered off. The aqueous part was extracted with dichloromethane (3 x 30 mL) and the organic layer 
was dried over K2CO3. The solvent was evaporated under reduced pressure to obtain a yellow solid. 
M.p.: 219.73 ± 2 ºC. The MW yield was 85% after 1 h and by conventional heating, RF yield 69 % 
after 24 h.
 1
H NMR (300 MHz, DMSO-d6) δ 8.43 (dd, J = 11.0, 8.0 Hz, 2H), 8.37 (d, J = 8.1 Hz, 1H), 
7.82 – 7.75 (m, 1H), 7.31 (d, J = 8.2 Hz, 1H), 4.64 (s, 1H), 4.22 (t, J = 6.1 Hz, 2H), 3.58 (q, J = 6.0 
Hz, 4H), 3.53 – 3.48 (m, 2H), 3.45 (d, J = 4.7 Hz, 2H), 3.25 (s, 3H), 3.22 (s, 4H), 2.75 (s, 4H), 2.62 (t, 
J = 5.8 Hz, 2H).
13
C NMR (75 MHz, DMSO) δ 163.54, 162.99, 155.68, 132.24, 130.67, 130.55, 
129.08, 125.94, 125.20, 122.39, 115.27, 114.94, 72.28, 68.70, 68.31, 60.30, 57.97, 57.26, 53.13, 
52.64, 38.39. FT-IR (wavenumbers, cm
-1
): O-H 3356 cm
-1
; C-H 3065 cm
-1
 aromatic stretch vibration; 
C=O 1687, 1648 cm
-1
; N-C=O 1613 cm
-1
; C-C 1585 cm
-1
 aromatic ring chain vibrations.  EA: theoretical 
value %C 64.62; %H 6.84; %N 9.83; experimental values %C 64.60; %H 6.93; %N 9.76. EI-MS: m/z 
calculated for C23H29N3O5 (M+H)
+




3.3.7  pH measurements  
Measurements of pH were obtained with a Mettler Toledo SevenGo Duo Pro meter with an InLab 
Expert Pro ISM-ID67 electrode at room temperature (23 ºC) and previously calibrated with standard 






functionalized membranes were performed using HCl and NaOH solutions for pH variation in the 
mixture water:ethanol (4:1) as solvent.    
The acid titration by UV/Vis and fluorescence in aqueous solution was performed as follows. The 
titration in solution with naphthalimide derivatives (water:ethanol 4:1, naphthalimide concentration 10
-
4
 M and pH=12.0 fixed by addition of NaOH solution) was carried out by increasing the acidity from 
pH 12.0 to pH 2.0 by adding aliquots of the diluted hydrochloric acid. After each addition, the pH was 
measured after the solutions were allowed to equilibrate for 10 min and the UV/Vis and fluorescence 
spectra were recorded. 
In the case of functionalized crosslinked membranes, films were cut into strips of 1x4 cm and fixed in 
a homemade support that can also be slotted into the cell holder of the spectrophotometers. To study 
the effect of the pH in the spectroscopic properties of the membranes, film strips were immersed in 
previously prepared vials (50 mL) containing solutions from pH 12.0 to pH 2.0. The UV/Vis and 
fluorescence spectra for each pH were taken after 20 min. of conditioning time.  
 
3.4 Results and discussion 
3.4.1 Synthesis of naphthalimide derivatives  
The synthesis route3,4 to obtain N-hydroxy alkyl piperazine naphthalimides is presented in Fig. 2. In 
the first step, the condensation of 4-bromo-1,8-naphthalic anhydride with 2-hydroxyethylamine (series 
a) or 2-methoxyethylamine (series b) under microwave irradiation in ethanol at 85 °C afforded 2a and 
2b respectively in high yield at a shorter reaction time than conventional conditions.  
In the second reaction step (Fig. 2), compounds 2a and 2b reacted with 3 equiv. of each piperazine 
derivative as detailed in the experimental description (section 2.6.) to obtain the piperazine-
naphthalimides derivatives shown in Fig. 2. Hence, we have prepared piperazine substituted 
derivatives with hydrogen and methyl groups
19
 as substituents on the amine groups (structures 3 and 4 
respectively), but also with bigger substituents (structures 5 and 6) in order to study their PET 
processes and their protonation in acid media.  
The best synthesis conditions were noted under MW irradiation for 1 h at 850W and a ceiling 
temperature of 130 °C in 2-methoxyethanol. In contrast, the best conditions for the synthesis carried 
out under reflux by conventional heating required reaction times of 15 h and 24 h for compounds 6a 






In all the cases, MW irradiation allowed higher yields at shorter reaction times than the conventional 




3.4.2 Membrane preparation, functionalization with piperazine naphthalimides sensors and 
characterization 
The membrane prepared containing acid chloride functionalities (M-Cl) as a base material for further 
functionalization was obtained by bulk photopolymerization of a mixture of monomers combining the 
hydrophilic character of VP (55%) with the hydrophobic nature of BA (35%) and adding MACl (10%) 
as the reactive monomer for functionalization. A 5% of EGDMMA as the crosslinking agent of the 
mixture controlled the crosslinking degree of the final membrane. This produced a reversible water-
swollen membrane (Fig. 1). After the bulk photopolymerization, all the experiments reached >98 % of 
conversion (determined by weight differences), and the resulting crosslinked acrylic membrane 
contained 2.8% of chlorine in the structure (Fig. 3B).  
In a second step, the M-Cl membrane was functionalized with the three naphthalimide derivatives 
from the series synthetized in this work (Fig. 1) that contained mono hydroxy alkyl piperazine, 
derivatives 4a, 5b and 6b. This functionalization was accomplished successfully by conventional 
heating in THF at 55 ºC for 15h under very low stirring speed. This selected reaction temperature is 
10°C below the THF boiling point to be sure there isn't any damage of the membrane in the 
heterogeneous reaction, such as breaks, wrinkles and warps that could decrease the optical quality of 
the membrane. Under these experimental conditions, the Schotten-Baumann reaction used to graft the 
naphthalimide derivatives to the M-Cl membrane proceeded very slowly. This allowed a good control 
in homogeneity of functionalization without physically damaging the membrane. The unreacted acid 
chloride group disappeared after hydrolysis when the membranes were washed as shown in Fig 3C. 
The amount of naphthalimide grafted to the membranes (Table 1) was determined from the UV-Vis 
absorbance using the absorption coefficient of each derivative (Table 3) previously calculated in 













Table 1. Content of chlorine and naphthalimide derivative in the membranes and thermal properties 

























M-Cl 2.8 - 46.9 214 337 
M-4a 0 2.73 45.3 326 369 
M-5b 0 3.27 45.4 337 371 
M-6b 0 4.72 45.6 334 372 
a Determined by TGA peak at 175ºC corresponding to Cl, EI-MS m/z 36 (M+); b Determined from the 
membrane (180 microns of thickness) by UV spectroscopy; c Measured by DSC second heating run at a 
heating rate of 10ºC·min-1;  d Temperatures corresponding to 5% and 10% weight loss. 
 
After 15 hours of reaction time the content of the naphthalimide derivative in the membrane was very 
low (Table 1) but the concentration is adequate for sensing applications by UV-vis and fluorescence 
spectroscopies.  
The good physical characteristics of the functionalized membranes are similar than those observed by 
other authors
25
 with copolymers of VP/BA. All DSC thermograms of the membranes revealed the 
presence of a single glass transition temperature for all the membranes confirming copolymer 
miscibility. The characteristic Tg values for the membranes are shown in Table 1 and the DSC 
thermograms (second scan) obtained for M-Cl and M-5b samples are plotted in Fig. 3A. The observed 
step for M-Cl appeared at a similar temperature (46.9 ºC) than the corresponding steps for the 
functionalized membranes (Table 1) due to the low content of C-Cl dipoles present in the M-Cl 
membrane. 
The thermal stability of the membranes was evaluated using TGA and Table 1 shows the thermal data, 









Fig.3. DSC thermograms (A), TGA and DTGA curves (B) and evolved gas analysis by MS detector 
(C) of the M-Cl crosslinked membrane and M-5b membrane functionalized with naphthalimide 
derivative 5b.   
Figure 3B shows the TGA thermograms obtained for the M-Cl and M-5b membranes and their 
corresponding first derivative curves. The M-Cl membrane exhibits a weight loss of 2.8% that was 
identified by MS analysis of evolved gas at 175 ºC as chlorine (EI-MS m/z: 36 (Cl)), as it is shown in 
fig. 3C. After functionalization, the chlorine weight was not observed confirming the total hydrolysis 
of unreacted acid chloride. For all functionalized membranes two peaks were observed, as it is shown 
for M-5b in Fig. 3B. The highest weight loss rate that was observed at 410 °C corresponds to the 
degradation of acrylic components of the membrane and the second one observed at 431 °C has been 
attributed
7
 to the lactam subgroup degradation. 
The swelling properties of the membranes were examined by measuring the swelling (%) after 
immersion in water and THF and are detailed in Table 2.  












































































































Table 2. Swelling degree (SD) in water and THF, advancing contact angle (CA) and total (γ), polar 
(γp), and disperse (γd) surface energy data for the crosslinked membranes.  
Membrane 
     SD (%)
a 





Water THF  Water Diiodomethane  γ γp γd 
M-Cl 29.8 45.4  59.9 41.6  51.64 13.48 38.16 
M-4a 29.9 61.2  69.6 42  45.43 9.25 36.18 
M-5b 30.4 62.0  71.7 38.6  45.75 6.56 39.19 
M-6b 29.9 63.5  71 46.1  46.22 6.88 39.34 
a0.3; b Calculated using Owens-Wendt´s method 
 
 
The SD in water (approx. 30 %) and in THF (approx. 60 %) confirms the hydrophilic character of the 
membranes and the adequate swelling for solid sensors in water and organic media. Also, the 
hydrophilicity of the membrane surfaces was characterized by static contact angle determination. The 
measured CAs were then used to calculate the polar, disperse, and total surface energies of the 
membranes. The change in the total surface energy (γ) and its polar (γp) and dispersive (γd) 
components of the M-Cl and functionalized membranes with naphthalimides (M-4a, M-5b and M-6b) 
was calculated by the Owens–Wendt's method28 (Table 2). The variation in the values of the total, 
polar, and disperse solid surface energies before (M-Cl) and after functionalization (M-4a, M-5b and 
M-6b), shows that the total surface energy of the functionalized membranes decreases from 51.64 
mN·m
−1
 for M-Cl to 45-46 mN·m
−1
 for the membranes containing naphthalimide moieties and, 
particularly for the polar component. 
The functionalized membranes with piperazine-naphthalimide groups were easily handled materials 
and exhibited convenient properties for solid sensor applications, such as swelling in water, thermal 
stability, flexibility, optical transparency and dimensional stability to be reused. The obtained three-
dimensional cross-linked hydrophilic polymer networks are capable of swelling or de-swelling 
reversibly in water and retaining a controlled and reproducible volume of liquid in the swollen state. 
This behaviour, as will be seen in the next section, allowed controllable responses to external 
environmental changes of pH.  
 
 
3.4.3 Effect of pH on the absorption and fluorescence properties of piperazine naphthalimides 
derivatives and membranes 
Piperazine substituted naphthalimides such as the structures synthetized in this work (Fig. 2) exhibit 
interesting fluorescence properties, hence 4-amino-1,8-naphthalimide fluorophore can be quenched by 






fluorophore through the piperazinyl ring. The fluorescence of the 4-amino-1,8-naphthalimide 
fluorophore is quenched. The PET path can be switched off either by the protonation or quaternization 
of the amine and the fluorescence of the naphthalimide fluorophore is then recovered as is shown for 





Fig.4. Fluorescence response of piperazine-naphthalimide structure to pH though PET mechanism. 
 
The effect of pH variation on the absorbance and fluorescence properties of these derivatives is 
illustrated in figure 5 for the naphthalimide derivative 4a in solution and the corresponding membrane 








Fig. 5. Spectroscopic characteristics as a function of pH (2.0-12.0) of absorption and fluorescence of 
naphthalimide derivative 4a and M-4a membrane.   
 
All the absorption spectra of the naphthalimide derivatives and membranes exhibit (as solution or as 
180 µm-membrane) similar band shapes in the absorption range of 350-500 nm. As it is shown in 
figure 5, for the compound 4a and membrane M-4a, their absorption peaks were red-shifted from 388 
to 408 nm with a clear isosbestic point at 402 nm when pH values were changed from 2.0 to 12.0 in 
water:ethanol (4:1) by adjusting pH values with NaOH and HCl aqueous solutions. As expected, the 
fluorescence intensities originating from 4a and M-4a fluorophores were varied upon different pH 
values (Figure 5), resulting in a strong enhancement in acid media due to the protonation of the 
piperazine and its subsequent PET blocking effect (Fig. 4). In the case of compound 4a the factor of 
enhancement (FE) was about 25 times in fluorescence intensity when adjusting the pH from 12.0 to 
2.0 (Table 3). Moreover, the wavelength emission maxima were red-shifted by around 20 nm (Table 
3) by changing the pH values from 2.0 to 12.0 for all the naphthalimide derivatives in solution except 
for naphthalimide 3b and 4b that do not have hydroxyl substituents in their structures and the red-shift 
















































































































































































for them was about 2-3 nm. For the naphthalimide fluorophores bonded to the membranes though the 
hydroxyl groups, the bathochromic shift of the fluorescence maxima with pH was also 2-3 nm.   
All the spectral data measured as a function of pH values for the naphthalimide derivatives and the 
three functionalized membranes are summarized in Table 3. 
 
Table 3. Various parameters for piperazine-1,8-naphthalimide derivatives (a and b structures) in 
solution
(a)
 and bonded to the polymer membrane (M) determined according to pH dependence by UV–
Vis absorption and fluorescence spectroscopy. 
 
Parameter 3a 4a 5a 6a 3b 4b 5b 6b M-4a M-5b M-6b 
ABS-acid      389 388 388 388 389 389 389 388 388 388 390 
Log acid  
(b)
 4.07 4.06 4.05 4.06 4.06 4.06 4.056 4.06 - - - 
Isobestic 403 402 402 402 404 402 402 402 403 402 402 
ABS-base  413 408 408 408 410 409 409 409 407 408 408 
Log base 
(b)
 4.04 4.02 4.01 4.02 4.01 4.02 4.02 4.02 - - - 
pKa 
(c ) 8.24 7.37 6.99 6.65 8.62 7.30 6.82 6.71 7.62 7.25 6.40 
FLU-acid
 533 529 530 530 531 529 530 529 502 503 503 
FLU-acid 
(d) 0.097 0.330 0.184 0.238 0.084 0.274 0.170 0.197 - - - 
FLU  pH=7  
(d) 0.093 0.304 0.101 0.099 0.079 0.249 0.095 0.091 - - - 
FLU ethanol  
(d) 0.017 0.025 0.022 0.026 0.026 0.020 0.017 0.024 water:ethanol (4:1, v/v)< 
< Ethanol <<< hexane FLU hexane  
(d) 0.203 0.389 0.285 0.293 0.213 0.365 0.270 0.275 
FLU-base 543 548 550 550 532 532 554 545 505 506 504 
FLU-base 
( d) 0.010 0.013 0.010 0.009 0.005 0.010 0.009 0.007 - - - 
pKa
*   
 
(c )
 7.1 6.93 6.95 6.4 7.15 7.11 7.04 6.48 7.15 6.71 6.5 





 8.5 25.3 19.1 22.0 18.1 17.9 22.0 27.1 12.3 8.0 9.5 
(a) Measured at 10-4 M in water-ethanol (4:1, v/v) unless specifically stated otherwise. The subscripts “acid” and “base” refer to the 
limiting value of a given parameter when the acid or base condition is increased until pH=2.0 or pH=12.0 respectively. Fluorescence 
emission spectra were obtained by excitation at Isobestic ; (b) ,  molar absorptivity in M
-1cm-1; (c) Obtained 24 by analyzing the pH 
dependence of the absorbance (A) or emission intensity (I) at a given wavelength according to the equation log[(Aacid − A)/(A − Abase)] 
= pH − pKa or log[(IFLU-acid − I)/(I − IFLU-base)] = pH -pKa
*
     (d)   Relatively to coumarin 6 (ϕF=0.78 in ethanol), uncertainty = 0.001 
or 10%, whichever is the larger; (e) Stokes shift (FLU - ABS) in frequency (cm
-1); (f) Acid- induced fluorescence enhancement factor  
FE= AFLU-acid/AFLU-.base 
The quantum yields of fluorescence in acid media (Table 3) for the hydroxy alkyl substituted 
piperazine naphthalimides derivatives (FLU-acid =0.33-0.084) are lower than that of the non-
hydroxylated derivative N-butyl-4-N′-methylpiperazino-1,8-naphthalimide (FLU-acid =0.55)
22
. Also, the 
quantum yields of fluorescence in basic media (Table 3) are higher (FLU-base = 0.005-0.010) than that 
measured for N-butyl-4-N′-methylpiperazino-1,8-naphthalimide (FLU-base = 0.001)
22
. The quantum 
yield of fluorescence for the membranes couldn’t be calculated due to the difference in geometry 
between the fluorescence standard in solution and the membranes. The factor of fluorescence 
enhancement for the membranes in acid media was calculated (Table 3) by comparing the increase of 






acid media (FE = 8-12.3) is higher than that obtained by other authors
23
, where an enhancement of 4.7 
was reported with a membrane obtained by copolymerization of N-allyl-4-(4´-methyl-piperazinyl)-1,8-
naphthalimide with 2-hydroxyethyl methacrylate and acrylamide.  
The presence of hydroxyl groups in the naphthalimide derivatives studied here and the ester 
functionality as a linking group of the naphthalimides in the membranes reduced the factor of 
enhancement of fluorescence in acid media with respect to that for other similar structures having only 
N-alkyl substituents
21,22
. Even though FE values obtained with the membranes confirm their 
interesting proton “off–on” switch behaviour as an optical pH solid sensor.  
The pKa values of naphthalimide derivatives and the functionalized membranes were calculated
31
 from 
the curves of absorption changes in the presence of increasing acidity (from pH= 12.0 to 2.0) and the 
obtained values are compiled in Table 3.  
The smaller substituents on the amine groups (structures 3 with hydrogen or 4 with methyl as 
substituents) enabled a higher pKa as they are more easily protonated than the bigger substituents 
(structures 5 and 6). The pKa values obtained for the functionalized membranes are close to those 
values measured for the corresponding piperazine derivatives (Table 3) confirming a similar 
sensitivity to acid media. The pKa of the functionalized membranes is close to the pH of 7.0 which 
makes it adequate for sensors in biological and environmental applications
19
. 
The fluorescence response of the piperazine derivatives and the functionalized membranes at different 








Fig.6. Comparison of the fluorescence intensity changes (I/Io) with pH (2.0-12.0) for the piperazine-
naphthalimide derivatives in solution (A) and for functionalized membranes (B). (I0 and I are the 
fluorescence intensities of initial (pH=12.0) and that after acidification respectively). 
 














































All the synthesized naphthalimides (Fig. 6A) exhibited a sensitive fluorescence change towards pH but 
with different intervals and slopes of changes depending of the size of the amino substituents. For the 
functionalized membranes (Fig. 6B) the fluorescence intensity increased as the pH values decreased 
from 9.0 to 5.0 for M-4a and from 8.5 to 4.0 for the membranes obtained by linking the 
naphthalimides to the substituent of the piperazine structure, M-5b and M-6b. In the acidic pH range, 
especially for pH lower than 4.0, the fluorescence intensity attained its maximum and kept unchanged 
as well as in the basic pH range up to 9.0 where the fluorescence intensity reached its minimum. The 
pKa* values (Table 3) for the excited state do not differ strongly from the corresponding pKa for the 
ground state except for the structures 3a and 3b  where the substituent of the piperazine is a hydrogen. 
For the rest of the structures and membranes the position of the inflection points in the fluorometric 
titration is similar to those obtained from the absorbance changes with pH.  
The fluorescence quantum yields of the naphthalimides derivatives studied here are relatively low in 
polar solvents (water, ethanol) in comparison to those values obtained in non-polar solvents such us 
hexane (Table 3). This fact is probably due to the photo-induced electron transfer from the piperazine 
to the fluorophore and the fact that in polar solvents the orbit energy of HOMO becomes lower 
facilitating the PET process. The polarity effect on the photophysical properties of the naphthalimide 
derivatives was studied by measuring their absorption and fluorescence spectra in solvents of 
increasing solvent polarity parameter ET(30). All the naphthalimide derivatives exhibited similar 
solvathochromic UV-Vis and emission spectra. As an illustrative example in figure 7, the values of 








Fig. 7. Dependence of absorbance and Fluorescence emission wavelengths maxima of naphthalimide 
derivative 5b and the membrane M-5b on the empirical solvent polarity parameter, ET(30). Solvents: 
1. Hexane, 2. Toluene, 3. Diethyl ether, 4. Dioxane, 5. THF, 6. Ethyl acetate, 7. Chloroform, 8. 
Acetone, 9. Acetonitrile, 10. 2-propanol, 11. Butanol, 12. Ethanol, 13. Methanol.  
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The maximum wavelengths of the absorption and fluorescence emissions are slightly red shifted with 
increasing solvent polarity except for the H-bonding solvents in the case of naphthalimide 5b. This is 
due to the presence of hydroxyl groups in the structure that provoke specific solute-solvent interaction. 
In general, the absorption maxima are less sensitive to the influence of solvent polarity than the 
fluorescence maximum. In the membranes, as shown in Fig. 6 for M-5b, the low bathochromic shifts 
in the fluorescence maximum with an increase of solvent polarity are consistent with small differences 
between the dipole moments of the ground and excited states.   
 
3.4.4 Response time to pH of the functionalized membranes 
The reversibility of the pH induced fluorescence signal was evaluated by determining the absorbance 
and fluorescence of the membranes by alterning their immersion in solutions of pH 2.0 and pH 12.0. 
Several cycles of successfull enhancement/quenching of fluorescence were carried out with each 
membrane without loss of fluorescent emission. The protonation of the aliphatic amine group involved 
seems quite reversible and no noticeable hysteresis effect was observed in the solid sensors. 
The pH response of the membranes is dependent upon the proton permeability into the 
photocrosslinked material. Hence, the response time of the absorption and fluorescence spectra of the 





























Fig. 8. Time response to pH of the functionalized membranes: Absorbance (A) and fluorescence (D) to 
acid media (pH=2.0), absorbance (B) and fluorescence (E) to basic media (pH=12.0) and effect of the 
membrane thickness in time response to acid media in absorbance (C) and fluorescence (F).   
 
The pH response of the membranes is dependent upon the proton permeability into the crosslinked 
matrix and the three membranes exhibited a high sensitivity to pH in water. The absorbance and 
fluorescence of the membranes to acidic media (Fig. 8A and 8D respectively) reached the equilibrium 
in less than 15 min. The sensitivity to the basic medium of the membranes (Fig. 8B and 8E) is lower 
than that observed in acid media showing a slow response of around 20 min. Hence, the protonation 
process of the aliphatic piperazine group involved seems to be slower than the deprotonation process.    
The time response of the membrane M-4a is shorter that those of the membrane b type. In the 
membrane M-4a the naphthalimide sensing functionality is linked to the polymer matrix through the 
imide group and the piperazine group is far from the polymer main chain. Hence, the interaction of the 
amino group of the piperazine with a proton is much easier than those of M-5b and M-6b where the 
piperazine is closer to the polymer main chain that can impair the mobility and hence the interactions 
of the sensing moiety.  





















































































 M-6b 180 m
 M-6b   90 m
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The sensitivity of the solid sensor is directly related to the thickness of the pH sensitive membrane. To 
see the influence of the membrane thickness in the time response to the pH of the sensor, we prepared 
a membrane under the same experimental conditions but with 90 microns of thickness that was also an 
easily handled material and with good physical properties. As expected, the time response of this M-
6b 90 µm-membrane (Fig. 8C and 8F) was notably shorter than that of the corresponding M-6b 180 
µm-membrane.       
In this study, we have described a useful procedure to obtain a water-swollen photocrosslinked 
membrane containing acid chloride groups capable of reacting with sensing molecules containing 
adequate functionalities, such as hydroxyl groups. The functionalization of M-Cl membrane was 
carried out using three derivatives of piperazine naphthalimide selected from a series of compounds 
that had been previously synthetized and spectrophotometrically characterized as a function of pH 
variations. The dependence of the pH sensitivity was related to the size and structure of the piperazine-
naphthalimide substituents linked to the membrane. The solid sensors functionalized with 
naphthalimides acted as an acid sensor with interesting ranges of sensitivity to pH changes, from 9.0 to 
4.0, which are adequate for medical and environmental sensing applications.  
 
3.5 Conclusions 
In summary, we have developed a procedure to obtain, using a photopolymerization reaction, water-
swollen membranes capable of functionalization with naphthalimide fluorescence sensors and with a 
pH response.  
The obtained results in the synthesis of the series of substituted piperazine naphthalimide derivatives 
carried out in this work suggested that microwave-assisted syntheses led to higher yields within very 
short reaction times in comparison to the conventional methods.  
The new solid sensors exhibited controlled swelling in water (30%) and sensitive fluorescence 
changes towards pH between 9.0 and 4.0, and showed a very strong fluorescence at pH < 5.0. 
The time response of the functionalized membranes to pH is dependent on the thickness of the 
membrane, the size of the substituents and the naphthalimide position of linkage to the membrane. The 
pH induced fluorescence signal of the solid sensors is reversible and several cycles of 
enhancement/quenching of fluorescence were successfully carried out without a noticeable hysteresis 
effect.  
The present functionalized membranes could be applied as “Off-On” pH-fluorescence sensor in 
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A Switchable fluorescence solid sensor for Hg
2+
 detection in aqueous 
media based on a photocrosslinked membrane functionalized with 












4 A SWITCHABLE FLUORESCENCE SOLID SENSOR FOR HG2+ DETECTION IN 
AQUEOUS MEDIA BASED ON A PHOTOCROSSLINKED MEMBRANE 
FUNCTIONALIZED WITH (BENZIMIDAZOLYL)METHYL-PIPERAZINE 




A Selective fluorescence solid sensor for Hg
2+
 detection in aqueous solution (M-MBZN) has been 
developed by grafting N-(2-hydroxyethyl)-4-(4-(1H-benzo[d]imidazol-2-yl)methyl) piperazine-1-yl)-
1,8-naphthalimide (MBZN) to a photo-crosslinked M-Cl membrane  reaction through the acid chloride 
groups. The resulting fluorescence sensor undergoes fluorescence enhancement upon binding mercuric 
ions which provokes a photo-induced electron transfer (PET) inhibition process from the piperazine to 
the naphthalimide moiety. Various photochemical parameters were determined by using pH-dependent 
absorption and fluorescence spectroscopies as well as the selective detection of Hg
2+
. The sensing 
membrane possesses a switchable “turn-on” fluorescence response to Hg2+ in pure water; it is easy to 








The selective and sensitive detection of low concentrations of Mercury (II) in aqueous media is 
essential because it is a highly toxic and dangerous heavy metal with a lethal effect on the 
environment and living organisms
1,2
. Thus, a convenient, rapid, highly sensitive and in-situ detection 
of Hg
2+
 is highly desirable. 
There are several classical mercury quantitative analytical methods for water samples including 
colorimetry
3
, inductively coupled plasma mass spectrometry (ICP-MS)
4
, atomic fluorescence 
spectroscopy (AFS)
5
, atomic absorption spectroscopy
6





. Even though these techniques are sensitive, selective, and accurate for 
Hg
2+
 detection, most of them are time-consuming, require sophisticated instruments and are 
inappropriate for on-line or field monitoring.  
Relative to the mentioned methods, the fluorescence technique has the advantages of higher 
sensitivity, simplicity and lower cost for the monitoring of metal ions. Chemical sensing of Hg
2+
 with 
all types of fluorescent probes, via Hg
2+
-induced changes in fluorescence, has attracted much attention 
and has become a very active field of research
10
. Fluorescent probes for Hg
2+
 described in the literature 
are mainly based on the effective quenching of a fluorescence “turn-off” by Hg2+ ions11,12,13, even 
though the quenching of the fluorescence signal is not as sensitive as a fluorescence enhancement 





.   
Derivatives of 1,8-naphthalimide have numerous applications in a variety of different areas as 
fluorescent probes because they have been recognized for excellent photophysical properties with 
excellent stability, visible excitation and emission exhibiting high fluorescence quantum yields and 
large Stokes' shift that minimize the effects of the background fluorescence. Among most of the 
reported naphthalimide derivatives as fluorescent probes for Hg
2+
, the recognition group was linked to 
the 4-position of the naphthalene ring
14,17,18,19
.  In this study we designed a sensor MBZN (Fig. 1) by 
incorporating a (benzimidazolyl)methyl-piperazine substituent in the position 4 of N-(2-
hydroxyethyl)-1,8-naphthalimide, in which this benzimidazol structure linked to an piperazine by a 
methylene spacer is responsible for the specific recognition of Hg
2+
 ions by forming a stable complex 


































































The use of polymeric solid supports containing organic structures capable of acting as sensors against 
the presence of metals
20,21,22
 in the medium are very useful in the applied point of view and, in 
particular, on-site detection of Hg
2+
 ions. However, only very few sensors for Hg
2+
 based on 
covalently bonded probes onto the support matrixes have been reported
18, 23 , 24 , 25 , 26
. In a recent 
publication
27
 we prepared a photo-crosslinked membrane containing acid chloride groups (M-Cl) 
capable of functionalization with hydroxy derivatives of naphthalimides in a second step. In this work, 
we designed a novel functionalized membrane (Fig. 1) with the proposed naphthalimide graphed to the 
structure M-MBZN for one-step fluorescence assay to detect Hg
2+




4.3.1 Materials and reagents  
All materials and solvents were commercially available and used as received, unless otherwise 
indicated. The materials included: sodium hydroxide (Panreac, 98-100.5%), hydrochloric acid (VWR 
Chemicals, 37%), ultrapure MilliQ water (Millipore), 4-bromo-1,8-naphthalic anhydride (Aldrich, 
95%), 2-aminoethanol (Aldrich, 99%), 2-(chloromethyl)benzimidazole (Aldrich, 98%), piperazine 
(Aldrich, 98%), Irgacure 2959 photoinitiator (BASF), triethylamine (Aldrich, ≥99%), coumarin-6 






employed in this work were purchased from Aldrich. Also, monomers, 1-vinyl-2-pyrrolidone, butyl 
acrylate and ethylene glycol dimethacrylate and methacryloyl chloride were supplied by Aldrich and 
distilled under vacuum prior to use. 
 
4.3.2 Spectroscopic characterization and thermal analysis 
Attenuated Total Reflectance / FT-Infrared Spectroscopy (ATR-FTIR) were obtained using a PERKIN 
ELMER BX-FTIR Spectrometer coupled with a MIRacle
TM
ATR accessory, from PIKE Technologies.  
UV spectroscopy was carried out in a PERKIN ELMER Lambda 35 spectrometer. The assessment of 
naphthalimide content was made in quintuplicate for each material. 
 Fluorescence spectroscopy was measured on a Perkin Elmer LS-55 Fluorescence Spectrometer. 
Fluorescence emission spectra of the probe were recorded by excitation at the isosbestic wavelength of 
405 nm (Table 1). All the spectra were corrected using the response curve of the photomultiplier. The 
fluorescence quantum yields (F) were measured relatively to Coumarin 6 (F =0.78 in ethanol)
28
.  
In the case of the crosslinked M-MBZN membrane, films were cut into strips of 1×4 cm and fixed in a 
homemade support that can also be slotted into the cell holder of the spectrophotometers. Film strips 
were immersed in previously prepared vials containing solutions of fixed concentrations of Hg
2+
 or 


























). The UV/Vis 
and fluorescence spectra for each Hg
2+
 concentration were taken after 20 min. of conditioning time in 
order to obtain a stable fluorescence signal. 




C- NMR spectra were recorded on a Varian-Mercury 400 





C-NMR chemical shifts were referenced to DMSO-d6 (2.5 and 39.52 ppm, 
respectively) as standard. 
Mass Spectra (MS) were recorded under electron impact (EI) condition on a HP 5973-MSD 
spectrometer.   
Thermogravimetric Analysis (TGA) was carried out in a TGA Q-500 TA Instruments coupled to a 
Pfeiffer Vacuum ThermoStar
TM
 mass spectrometer.  








4.3.3 Swelling Ratio and pH measurements 
Swelling degree (SD) in water and THF of the crosslinked membranes were measured by immersing 
dried and weighed sample films (Wd) into deionized water or THF at 30 ºC for 24 h. The SD were 
calculated as follows: SD (%) = ((Ws −Wd)/Wd)×100, where Ws and Wd are the weight of the swollen 
and dry sample, respectively. 
The pH of the solutions were measured with a Mettler Toledo SevenGo Duo Pro meter coupled with 
an InLab Expert Pro ISM-ID67 electrode at room temperature (23 ºC) and previously calibrated with 
standard buffers. 
 
4.3.4  Microwave and UV irradiation equipment 
The microwave equipment used in this work was an Anton Paar Monowave
TM 
300 microwave 
synthesis reactor provided with an infrared sensor (IR pyrometer). All reactions were performed in 
pressure-resistant 30-mL test tubes sealed with silicon septum and using a magnetic stirring bar. 
The photopolymerization reactions were carried out in a Biolink™ BLX-365 type Bio-link apparatus 
(Vilbert Lourmat™). 
 
4.3.5 Synthesis  
The synthesis procedure for the fluorescence probe N-(2-hydroxyethyl)-4-(4-(1H-benzo[d]imidazol-2-
yl)methyl)piperazine-1-yl)-1,8-naphthalimide (MBZN) is shown in Fig. 2.  
 
  
Fig.2. Reaction pathway for the microwave (MW) synthesis of N-(2-hydroxyethyl)-4-(4-(1H-






Synthesis of N-(2-hydroxyethyl)-4-(4-(1H-benzo[d]imidazol-2-yl)methyl) piperazine-1-yl)-1,8-
naphthalimide (MBZN) 
Compound 2 and 3 were synthesized from 4-bromo-1,8-naphthalic anhydride (compound 1) following 
the procedures (Fig. 2) described previously in the bibliography
27,29
. MBZN was synthetized in a 
pressure-resistant microwave test tube where compound 3 (0.20 g, 0.624 mmol), 2-
(chloromethyl)benzimidazole (0.104 g, 0.624 mmol) and triethylamine (88 µL, 0.624 mmol) were 
mixed in 2-methoxyethanol (10 mL) and heated at 130 ºC in argon atmosphere under stirring (600 
rpm) for 1 h. The mixture was poured into diethyl ether and the unreacted precipitated product was 
filtered. The solvent was evaporated under reduced pressure, and 200 mL of water was added. The 
mixture was stirred 15 minutes and the residue filtered and identified as the desired product. Yield: 66 
%. M.p.: 152.60 ± 2 ºC. 
1
H NMR (400 MHz, DMSO-d6) δ 12.37 (s, 1H), 8.44 (d, J = 7.3 Hz, 1H), 8.41 
(d, J = 8.5 Hz, 1H), 8.37 (d, J = 8.1 Hz, 1H), 7.78 (t, J = 7.9 Hz, 1H), 7.58 (d, J = 7.4 Hz, 1H), 7.47 (d, 
J = 7.4 Hz, 1H), 7.32 (d, J = 8.2 Hz, 1H), 7.15 (t, J = 7.7 Hz, 2H), 4.79 (s, 1H), 4.13 (t, J = 6.5 Hz, 
2H), 3.89 (s, 2H), 3.67 – 3.56 (m, 2H), 3.27 (s, 4H), 2.82 (s, 4H). 13C NMR (101 MHz, DMSO) δ: 
163.65, 163.12, 155.48, 151.47, 143.07, 134.39, 132.07, 130.54, 130.39, 129.13, 125.98, 125.24, 
122.65, 121.82, 121.00, 118.54, 115.70, 114.95, 111.20, 57.85, 55.57, 52.74, 52.57, 41.62. FT-IR 
(wavenumbers, cm
-1
): NH,OH  3255 cm
-1
; C-H 2949, 2823 cm
-1
 aromatic stretch vibration;  C=O 1691, 
1644 cm
-1
; N-C=O 1614 cm
-1
; C-C 1586 cm
-1
 aromatic ring chain vibrations; NH  1514 cm
-1
 flexion. EA: 
theoretical values: %C 68.56; %H 5.53; %N 15.37; experimental values: %C 68.36; %H 5.59; %N 
15.29. EI-MS m/z calculated for C26H25N5O3: (M + H
+




4.3.6 Membrane preparation by photopolymerization (M-Cl) and functionalization with N-(2-
hydroxyethyl)-4-(4-(1H-benzo[d]imidazol-2-yl)methyl)piperazine-1-yl)-1,8-naphthalimide 
(M-MBZN) 
As shown in Fig. 1, a crosslinked membrane (M-Cl) was obtained in a first step by the bulk 
photopolymerization of a mixture of monomers: N-vinylpyrrolidone (VP), butyl acrylate (BA), 
ethylene glycol dimethacrylate (EGDMMA) as the crosslinking agent and methacryloyl chloride 
(MACl) as the reactive monomer following the procedure described in a recent publication
27
. In this 
work, the monomer molar ratio of the feed mixture was VP:57.5/BA:37.5/ MACl:5/EGDMMA:5 and 
the photoinitiator (Irgacure 2959) was added to the mixture at 1% (w/w). After 40 minutes of 
irradiation at 365 nm (dose 20 J cm
−2
), the transparent crosslinked membrane was demoulded, 
conditioned (12 h) at room temperature under argon atmosphere, washed several times with ethanol 
and dried under vacuum at 40 °C to remove the un-reacted monomers. The presence of acid chloride 
was confirmed by ATR-FTIR (wavenumbers, cm
−1
), C=O acyl chloride 1795 cm
-1








together with the characteristic co-monomers bands of VP C=O lactam, amide-I 1675 cm
-1
 and BA, 
C=O ester 1725 cm
-1
; C-O (O-CH2-) ester 1161 cm
-1
. The quantitative determination of chlorine in the 
M-Cl membrane was carried out by TGA-MS. A content of 1.4 % was determined by MS analysis of 
evolved gas at 175 ºC as chlorine (EI-MS m/ z: 36 (Cl)), as it is shown in Fig. S1, (Supporting 
Information).  
In a second step
27
, the M-Cl film was cut into strips (1 × 4 cm) and functionalized in heterogeneous 
phase with MBZN (Fig 1). The M-Cl membrane was placed in an ace round-bottom pressure flask 
with 20 mL of THF. 10 mg of MBZN were added under argon atmosphere. The mixture was heated at 
55 °C for 15h. After this reaction time, the corresponding modified membrane (M-MBZN) was 
washed with cold ethanol and with water thrice in order to remove the unreacted acid chloride groups 
and the unreacted naphthalimide. The hydrolysis reaction of unreacted acid chloride groups was 
confirmed by ATR-FTIR and by TGA-MS by the disappearance of the characteristic peaks of acid 
chloride (Fig. S1). The content of naphthalimide was quantitatively determined by UV–Vis 
spectroscopy.   
 
4.4 Results and discussion 
4.4.1 Synthesis of MBZN, preparation of M-MBZN membrane and characterization  
The synthetic route to obtain N-(2-hydroxyethyl)-4-(4-(1H-benzo[d]imidazol-2-yl)methyl)piperazine-
1-yl)-1,8-naphthalimide (M-MBZN) is shown in Fig. 2. Compounds 2 and 3 were formed in 90 % and 
64 % yields in 2 and 1 hours, respectively, using literature procedures
18,27,29
 modified to carry out the 
reactions under microwave radiation from the 4-bromo-1,8-naphthalic anhydride (1). Compound 3 
was then reacted under MW with 2-(chloromethyl)benzimidazole in basic medium in the presence of 
triethylamine at 130 ºC as described before (see Experimental section 2.5). After 60 min. of reaction 
time under MW, MBZN as a yellow precipitate was obtained in 66 % yield. An acrylic membrane 
containing acid chloride functionalities (M-Cl) was obtained by photopolymerization as described 
previously
27
 by thorough mixing of the hydrophilic monomer VP (57.5%) with the hydrophobic nature 
of BA (37.5%) and adding MACl (5 %) as the reactive monomer for functionalization. After the bulk 
photopolymerization (conversion >98%), a reversible water-swollen crosslinked acrylic membrane 
was produced (Fig. 1) with a 1.4 % of chlorine content in the structure as expected by the composition 
feed and confirmed by TGA-MS (Fig. S1, Supplementary data). Finally, the M-Cl membrane was 
successfully functionalized
27
 with the naphthalimide derivative MBZN (Fig. 1) by conventional 
heating in THF at 55 ºC for 15 hours. The amount of naphthalimide bonded to the M-MBZN 
membrane was determined spectrophotometrically (1.6×10
-4













) previously calculated (Table 1).    
The thermal stability of the M-Cl and M-MBZN membranes were evaluated using TGA and Table S1 
(Supplementary data) shows characteristic weight loss temperatures (T5 and T10, respectively). For 
both membranes two peaks were observed (Fig. S1). The highest weight loss rate that was observed at 
411 ºC corresponds to the degradation of acrylic components of the membrane and the second one 
observed at 438 ºC has been attributed
30
 to the lactam subgroup degradation. 
Also, the degree of swelling in water of both membranes (Table S1) was approx. SD=31% confirming 
the hydrophilic character of the membranes and the adequate swelling for solid sensors in water. The 
SD value of the M-MBZN in THF (61.5 %) is higher than that of the M-Cl membrane (47.1%) 
indicating the strong influence of the naphthalimide derivative in the SD in organic solvents, even at 
this low naphthalimide content in the membrane.  
The cross-linked hydrophilic membrane M-MBZN obtained in this work was capable of swelling or 
de-swelling reversibly in water and retaining a controlled and reproducible volume of liquid in the 
swollen state. This behaviour, as will be seen in the next section, allowed controllable responses to 




4.4.2 Spectroscopic characteristics of MBZN and M-MBZN. Effect of pH.  
Table 1 presents the spectral characteristics of MBZN and the corresponding functionalized membrane 
M-MBZN in water-ethanol (4:1, v/v) such as, absorption (ABS) and fluorescence (FLU) maxima in 
acid (pH=2.0) and neutral media (pH=7.0), the corresponding absorption coefficient (log), Stokes 














Table 1: Parameters determined by UV-VIS absorption and fluorescence spectroscopies
a
 related to 
titration of Hg
2+






The spectral characteristic of MBZN and M-MBZN displayed similar pH-dependence in all the 
studied media as can be seen from the values listed in Table 1. The low fluorescence emission of 
MBZN and M-MBZN in all the studied solvents can be attributed to an efficient PET process (Fig. 3) 
that takes place between the photoexcited 1,8-naphthalimide and the lone-pair electrons of the nitrogen 
of the piperazine substituent.   
The pKa values of MBZN and the functionalized membrane M-MBZN were calculated
31
 from the 
curves of absorption changes (Fig.S2) in the presence of increasing pH from 2.0 to 12.0. The 
protonation of the benzimidazole structure of MBZN (pKa=5.3) takes place at a lower pH than the 2-
  Parameter MBZN M-MBZN 
ABS-neutral
 c
   




3.98  - 
ABS-acid 
c
      390 nm 390 nm 
Log acid  
d
 
4.0  - 
Isobestic 405 nm 405 nm 
FLU-neutral
 e
 535 nm 512 nm 




 5.3 5.3 
FLU-neutral 
 g
 0.01 - 
FLU-acid 
 0.18 - 
FLU ethanol   0.03 water:ethanol (4:1,v/v)< 





  5.0 4.8 
  h   6000 5160 
   
Hg
2+
: Working range of pH 










-6      
Hg
2+
:  FE  





: response time (membrane  
thickness µm)
 k - 
     10 min (40 µm); 18 min (80 µm);  
     25 min (180 µm) 
a Measured at 10-5 M in water-ethanol (4:1, v/v) unless specifically stated otherwise; b membrane thickness 80 µm and  
content of MBZN:1.6×10-4 M; c The subscripts “acid” and “neutral” refer to the limiting value of a given parameter in strong 
acid (pH=2.0) or neutral (pH=7.0) media, respectively; d ε, molar absorptivity in M-1·cm-1; e Fluorescence emission spectra 
were obtained by excitation at Isobestic = 405 nm; 
f Obtained31 by analyzing the pH dependence of the absorbance (A) or 
emission intensity (I) at a given wavelength according to the equation log[(Aacid − A)/(A − Abase)] = pH − pKa or log[(IFLU-acid 
− I)/(I − IFLU-base)] = pH -pKa
*
;
g relatively to Coumarin 6 (F =0.78 in ethanol); 
h Stokes shift (FLU-ABS) in frequency (cm
-1); i 
LOD= 3SD/s, where SD is the standard deviation of 10 measurements of the blank sample and s is the slope of the calibration 
curve in the region of low analyte content; j Hg2+-induced fluorescence enhancement  of naphthalimide, factor FE = AFLU-Hg 
(max.) / AFLU absence Hg; 





































































































































































































, pKa=6.1, allowing the use of this structure as a sensor for Hg
2+
 
cations in neutral of basic water media as we will see in the next section.  
 
4.4.3 Sensitivity of MBZN and M-MBZN in Hg2+sensing 
Figure 3 shows the absorption and fluorescence spectra of the MBZN (water:ethanol 4:1,v/v) (A and 
C) and M-MBZN (B and D) in buffered water (pH= 7.0) upon addition of different concentrations of 
Hg
2+
. With the increase of Hg
2+
 concentration, the relative fluorescence intensities were drastically 
enhanced caused by Hg
2+ 
interaction and the formation of a MBZN-Hg complex, which constituted the 
basis for the determination of Hg
2+













Fig.3. Absorption and fluorescence spectra of MBZN (A,C) at a concentration of 10
-5 
M in 
water:ethanol 4:1 (v/v) and M-MBZN (B,D) containing 1.6×10
-4
M of bonded naphthalimide in 
buffered water (pH= 7.0) in the presence of increasing concentrations of Hg
2+
 0-3 equiv. (E) 
Fluorescence emission intensity change with –log[Hg2+]. (F)  Job´s plot showing the stoichiometry of 
MBZN-Hg complex in buffered water.  
 
The comparative increase of fluorescence for MBZN and the membrane M-MBZN is shown in Fig. 






in Fig.3F in which the maximum fluorescence signal was observed at the Hg
2+
 mole fraction value of 
0.5.   
The association constants Ka of the MBZN-Hg and M-MBZN-Hg complexes were then calculated to 
be 9657 M
-1
 and 3627 M
-1
, respectively, by the ratio intercept/slope (Fig.S3) of the corresponding 
linear relationship by Benesi–Hildebrand33 equation Eq. (1). 
 
    
 
 
                  
 
 
       
                    (1) 
 
where Fmax, F, and F0 are fluorescence intensities of MBZN or M-MBZN in the presence of Hg
2+
 at 
saturation, any intermediate Hg
2+
 concentration, and free sensor, respectively. 
The limit of detection (LOD) was calculated by the following equation: LOD=3×SD/s, where SD is 
the standard deviation of 10 measurements of the blank and s is the slope of plot of fluorescence 
intensity as a function of the Hg
2+
 concentrations in the region of low analyte content. The calculated 




M for MBZN and M-MBZN, 
respectively. Compared with the previously reported values of Hg
2+
-fluorescence sensors, the LOD of 




4.4.4 Binding mode MBZN with Hg2+ ion, reversibility and pH stability of the MBZN-Hg   
complex 
NMR studies provided direct evidence of MBZN-Hg interactions. As shown in Fig. 4, 
1
H-NMR 
spectra show the displacement of the (benzimidazolyl)methyl-piperazine protons Fig.4(a) in the 
presence of Hg
2+
, Fig. 4(b): the protons of the methylene bridge from 3.89 (2H-10) ppm to 4.45 (1H-
10) and 3.96 (1H-10) and the protons of the piperazine from 2.82 (4H-9) to 3.07 (4H-9). Also, the 
Hg
2+
 complexation induced an increase of the electron density of the benzimidazolyl group resulting a 
downfield shift of the aromatic H-11, H-12 and H-13 protons. The NH peak of the benzimidazole ring 










Fig.4. Proposed reversible binding mode with Hg
2+
 together with partial 
1
H-NMR of MBZN in DMSO 




The reversibility of the Hg
2+
 induced fluorescence signal of the M-MBZN membrane was evaluated by 
alternating its immersion in solutions of blank buffered solution (pH=7.0) until the fluorescence 
intensity of the membrane reached again the original low value prior to the next measurement and 
water buffered Hg
2+
 solution. Previously to each cycle the membrane should be washed with HCl 
solution (pH=1.0) since the reversibility is probably caused by the protonation of the piperazine of the 
MBZN structure resulting in the release of the Hg
2+
 at higher acidity. Ten successive cycles were 























Fig.5. (A) Reversibility for the M-MBZN membrane sensor. (B) pH-effect on the fluorescence 
intensity of M-MBZN and M-MBZN-Hg complex in water.  
 
As shown in Fig. 5(B), the MBZN-Hg
2+
 complex produced in the membrane sensor exhibits stability 
of the fluorescence emission in the range of pH 2.0–7.5. The decrease in fluorescence emission upon 
pH values higher than 7.5 might be attributed to the formation of Hg(OH)2
34
 and the rapid decrease at 
pH values lower than 2.0, due to the destruction of the Hg
2+
 complex by the protonation of the 
piperazine. These results show that the M-MBZN membrane is a fully reversible sensor for the 
detection of Hg
2+





4.4.5 Selectivity of M-MBZN membrane sensor to Hg2+ with various cations and time response 
to detection  
To investigate the selectivity of the sensor towards Hg
2+
 ions, the fluorescence of M-MBZN (with a 
bonded content of MBZN of 1.6×10
-4
M) and 1 equiv. of other metal ions were studied (Fig. 6A). The 
competition experiments show no significant variation in the fluorescence emission at 512 nm 












































































Fig.6. Metal ion selectivity of the M-MBZN membrane (A) containing 1.6×10
-4
M of bonded MBZN. 
(B) Time response for the fluorescence emission to Hg
2+
 for M-MBZN membranes of different 
thickness. F0 and F are the fluorescence intensities in the absence of Hg
2+
 and that after the addition of 




Fluorescence analysis indicated that the recognition interaction between MBZN and Hg
2+
 was 
accomplished immediately by simply shaking for a few seconds. In contrast, the M-MBZN membrane 
sensor exhibits a time response which is dependent upon the metal ion permeability into the photo-
crosslinked material and their thickness. To see the influence of the membrane thickness in the time 
response to the Hg
2+
 of the M-MBZN membrane sensor (Fig.6B), we prepared another two 
membranes under the same experimental conditions but with 40 and 180 m of thickness.  
 
4.5 Conclusions 
The novel water-swollen photo-crosslinked membrane sensor M-MBZN with pendant highly Hg
2+
-
selective “turn-on” 1,8-naphthalimide-type probe MBZN was developed and based on a specific Hg2+-
interaction with the (benzimidazolyl)methyl-piperazine substituent in the 4-position. The membrane 
sensor exhibited a 3fold increase in fluorescence intensity towards Hg
2+
 ions over other metal ions in 
pure water solution over a wide pH range. Also, M-MBZN shows a reversible behaviour which is an 
important feature for many applications. The new solid sensor reported here meets the requirements of 
fluorescence detection of Hg
2+
 ions and offers great potential for the further fabrication of an 
economical on-site tool for the detection of Hg
2+


























































































 M-MBZN   40 m
 M-MBZN   80 m
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Fig. S1. TGA-MS and DTGA curves of the M-Cl crosslinked membrane and M-MBZN functionalized 
membrane with the naphthalimide sensor.   
 
 

























Fig. S2. Plot of the Absorbance (A/A0) and Fluorescence (F/F0) relative intensities (subscript 0 
indicates initial intensity at pH=12) of the MBZN (10
-5
 M) and M-MBZN ([MBZN] bonded to the 
membrane 1.6×10
-4 
















Fig. S3. Benesi-Hildebrand plot of MBZN (A) and M-MBZN (B) using 1:1 stoichiometry for 





Table S1. Membrane characterization: Swelling degree (SD) in water and THF, content of chlorine 

















(°C) Water THF 
M-Cl 31.6 47.1 1.4 - 217 368 
M-MBZN 31.1 61.5 0 1.6 356 376 





Naphthalimide content determined in M-MBZN membrane 
(80 µm of thickness) by UV spectroscopy; 
e 
Temperatures corresponding 






































































































Las conclusiones extraídas de estos Trabajos publicados y que constituyen la presente Tesis, se pueden 
resumir en los siguientes puntos: 
 Se ha llevado a cabo eficazmente la modificación superficial de filmes de copolímeros de 
etileno-acrilato de butilo (EBA con 7% de AB) y su posterior funcionalización con una 
molécula fluorescente, 4-dimetilamino-N-(2-hidroxietil)-1,8-naftalimida (DMAN), mediante 
reacciones en fase heterogénea empleando radiación microondas. Mediante el perfil de 
profundidad obtenido por espectroscopía Raman-Confocal (CRS) se ha comprobado que la 
funcionalización del filme se produce en un espesor superficial de 20 µm. 
 Los filmes funcionalizados (EBA-DMAN) mostraron eficientes propiedades como sensores de 
acidez reversibles (hasta 4-5 ciclos). La disminución en la banda de absorción de transferencia 
de carga intramolecular (ICT) y la disminución en la banda de fluorescencia debido a la 
protonación de la amina en el sensor polimérico tiene lugar a pKa -0.88, siendo menor que el 
valor obtenido para la molécula libre (DMAN), 1.41. 
 El tratamiento de los filmes con plasma de oxígeno (EBA-pl-DMAN) produce un aumento de 
la hidrofilia del material de EBA modificado superficialmente disminuyendo notablemente el 
tiempo de respuesta a la detección de protones en el medio (de 80 min para EBA-DMAN a 30 
min para EBA-pl-DMAN en HCl, 12 M). La reversibilidad y el contenido de DMAN anclado 
a la superficie permaneció inalterado tras el tratamiento con plasma. 
 Los filmes funcionalizados (EBA-DMAN) y los filmes funcionalizados tratados con plasma 
(EBA-pl-DMAN) mostraron sensibilidad frente vapores ácidos, siendo también la sensibilidad 
mayor para el caso de los materiales funcionalizados tratados con plasma. 
 Este nuevo método desarrollado en esta Tesis que utiliza reacciones de microondas en fase 
heterogénea abre la posibilidad de unir numerosas estructuras a las superficies de poliolefinas 
para su aplicación como sensores sólidos de interés medioambiental o biológico. 
 Mediante una combinación optimizada de monómeros se ha conseguido la obtención de 
membranas fotoentrecruzadas de buenas propiedades mecánicas y que presenta un grado de 
hinchamiento controlado en agua (30%). Además estas membranas contienen funciones 
cloruro de ácido que permiten su posterior funcionalización con diversas moléculas de interés 
aplicado como sensores de pH y de cationes mercurio (II). 
 Las moléculas sensores derivadas de 1,8-naftalimida y portadoras de un sustituyente hidroxilo, 






tiempos de reacción más cortos, en comparación con la metodología de calentamiento 
convencional. 
 Las nuevas membranas funcionalizadas con naftalimidas portadoras de grupos piperacina 
mostraron eficientes propiedades como sensores reversibles de pH en el intervalo 
comprendido entre 9.0 y 4.0. El tiempo de respuesta de los materiales depende de su espesor, 
del tamaño de los sustituyentes y de la posición de unión de la naftalimida a la membrana. 
 Las nuevas membranas sensores funcionalizadas con la naftalimida portadora del grupo 
(bencimidazolil)metilpiperacina fueron desarrolladas en base a la interacción específica de 
este grupo con los cationes Hg (II). 
 La intensidad de fluorescencia de estas membranas funcionalizadas aumenta (3 veces) al 
interaccionar con iones Hg(II) en disolucion acuosa. El “encendido” de la fluorescencia en un 
amplio intervalo de pH es selectivo con el mercurio incluso en presencia de otros iones 
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An effective approach to develop an applicable solid sensor is to
modify the surface of the material that already has excellent bulk prop-
erties. A grafted surface can be produced primarily by either graft poly-
merization of monomers or a covalent coupling reaction of existing
polymer molecules onto the substrate polymer surface. Many chemical
and physical methods [1] such as plasma, e-beam, and sputtering have
been used to modify the structure of polymer surfaces and in particular
polyethylenes [2]. Most of these techniques are based on the use of
high-energy sources that can ultimately damage the polymer surfaces
either chemically or physically. Moreover, these methods are usually
not versatile enough to allow the design of structurally and chemically
modiﬁed surfaces through the control of the distribution of chemical
functionalities throughout the surface. In an earlier work, we described
the microwave-assisted chemical modiﬁcation of poly(ethylene-butyl
acrylate) copolymers [3] (EBA) in solution to bind coumarin derivatives
through the acrylic comonomer. In this study, organic functionalities
were introduced onto EBA as thepolymer substrate in a controlledman-
ner by performing a sequence of chemical reactions on the surface. In
the heterogeneous phase, hydrolysis, chlorination, and Schotten–
Baumann reactions were used to graft a naphthalimide derivative tothe surface of EBA. The sequence of reactions carried out is shown in
Fig. 1.
The introduction of speciﬁc functional groups to polymer surfaces by
well-deﬁned, classical organic chemical reactions usually involves ionic
or polar reactions rather than free radical reactions. Therefore, the poly-
mer surfaces suitable for this type of modiﬁcation must have sites that
are vulnerable to electrophilic or nucleophilic attack.
The modiﬁcation of the EBA surface opens the possibility to chemi-
cally bond numerous organic structures having a terminal group capa-
ble of reacting with the functional groups present on the substrate
polymer surface. Recently, polymers containing photosensitive func-
tional groups have gained signiﬁcant attention [4,5,6]. A number of pub-
lications have appeared concerning 1,8-naphthalimide derivatives as a
special class of environmentally sensitive ﬂuorophores. Their strong
ﬂuorescence and good photostability have promoted their applications
in a number of areas such as coloration of polymers [7,8], as laser active
media [9], ﬂuorescence markers in biology [10], anticancer agents [11],
light-emitting diodes [12], photoinduced electron transfer sensors [13,
14], ﬂuorescence switchers [15], electroluminescent materials [16,17],
liquid crystal displays [18], ion probes [19], and pH sensors [20].
Hence, in this study, we synthesized a hydroxyl derivative, 4-
dimethylamino-N-(2-hydroxyethyl)-1,8-naphthalimide (DMAN) to
react with the superﬁcial chlorine acids of the modiﬁed EBA to
functionalize the polyoleﬁn material with a sensor probe (EBA-
DMAN), as shown in Fig. 1. The surface functionalization was studied
by attenuated total reﬂection Fourier transform infrared (ATR-FTIR)
Fig. 1. Heterogeneous reaction sequence for surface modiﬁcation of EBA using microwave methodology.
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the depth proﬁle of the functionalized polymer.
Furthermore, the new functionalizedmaterials were evaluated as an
acidic pH sensor by determining the change in the spectroscopic prop-
erties of absorption and ﬂuorescence with pH. To improve the wettabil-
ity of the surface, EBA-DMAN ﬁlms were treated with oxygen plasma
[22]. The plasma-treated materials (EBA-pl-DMAN) exhibited a lower
response time for environmental changes of pH in solution and vapors
because of surface oxidation.2. Experimental
2.1. Materials, reagents, and ﬁlm preparation
Poly(ethylene-co-butyl acrylate) copolymer (EBA)with 7% (w/w) of
butyl acrylate (0.924 gml−1 of density) was supplied by Repsol compa-
ny (Madrid, Spain). EBA ﬁlms of 100 μm thickness and 50 × 50 mm
dimension were prepared by compression molding in automatic Press
ATLAS T8 plates with a maximum pressure of 2 tons and temperature
of 190 °C. The thickness of theﬁlmswas controlled by speciﬁc-size spac-
er rings.
The following chemicals and solvents were purchased and used as
received unless otherwise indicated: 4-bromo-1,8-naphthalic anhy-
dride (Aldrich, 95%), 2-propanol (Scharlau, 99.5%), sodium hydroxide
(Panreac, 98–100%), hydrochloric acid (VWRChemicals, 37%), ultrapure
MilliQ water (Millipore), diiodomethane (Aldrich, ≥99.5%), dichloro-
methane (Aldrich, ≥99.9%), phosphorus pentachloride (Aldrich, ≥98%),
triethylamine (Aldrich, ≥99%), 2-aminoethanol (Aldrich, 99%), ethanol
(VWR Chemicals, 99.95%), dimethylformamide (DMF, Scharlau,
99.8%), ethyl acetate (Aldrich, ≥99.5%), hexane (Carlo Erba Reagents,
99%), hexadeuterated dimethylsulfoxide (DMSO-d6, Euriso-top,
99.8%), potassium carbonate (Panreac, 99%), and coumarin 6 (Aldrich,
98%).2.2. Spectroscopic characterization
ATR-FTIR was used to characterize the polymer ﬁlms of EBA before
and after MW reactions. ATR-FTIR spectra were obtained using a
PerkinElmer BX-FTIR spectrometer coupled with a MIRacle™ ATR ac-
cessory from PIKE Technologies, and interferograms were obtained
from 32 scans. The degree of hydrolysis and modiﬁcations of the EBA
ﬁlms were determined using ATR-FTIR and accessories with the same
value of pressure.Confocal Raman Spectroscopy (CRS). A Renishaw inVia Raman mi-
croscope, working in a confocal mode and connected to an Olympus
BH2 microscope was used for measuring the Raman spectra. The
beam from the 785 line of a He–Ne laser (laser power 320 mW at
100%)was focusedby100×magnifying lengthobjective (numerical ap-
erture (NA) value of 0.85) in the confocal mode and a charge-coupled
device (CCD) camera as detector. Raman light was dispersed by a
diffraction grating with 1200 lines/mm using a Raman holographic
notch ﬁlter.
The depth proﬁle of the sample was obtained by focusing themicro-
scope stepwise at ﬁxed 1-μm intervals within the polymer ﬁlm and re-
cording 10 accumulative spectra at each step (accumulation time, 3min
per spectrum). The depth resolution of the confocal arrangement in air
was previously checked using a sample of silica as a reference material.
Ultraviolet (UV) spectroscopywas used for the quantitative determi-
nation of DMANmoieties anchored to EBA in a PerkinElmer Lambda 35
spectrometer. DMAN surface loadingwas determined bymeasuring the
absorbance at the peakmaximumof absorption band. Thiswas translat-
ed into quantitative DMAN content per unit area by rearrangement of
the Beer–Lambert law. Each material was assessed in quintuplicate.
Fluorescence spectra were recorded using a PerkinElmer LS 55 ﬂuo-
rescence spectrometer. Fluorescence emission spectra of the probe
were recorded in the range of 490–700 nm using the maximum of the
longest-wavelength absorption band as excitation wavelength. All the
spectra were corrected using the response curve of the photomultiplier.
The ﬂuorescence quantum yields (ϕF) were measured relatively to cou-
marin 6 (ϕF = 0.78 in ethanol) [23].
1H- and 13C-nuclear magnetic resonance (NMR) spectra were
recorded on Varian-Mercury 400 MHz and Bruker 300 MHz NMR
spectrometers using hexadeuterated dimethyl sulfoxide (DMSO-d6) as
the solvent. Chemical shifts were reported in parts per million (ppm).
1H NMR and 13C NMR chemical shifts were referenced to DMSO-d6
(39.52 ppm) as standard.
Mass spectra (MS) were recorded on a HP 5973-MSD spectrometer.2.3. pH measurements and spectroscopic detection of acid in solution and
vapors
The pH was measured at room temperature (23 °C) by using a
Mettler Toledo SevenGo Duo pro meter with an InLab Expert Pro ISM-
ID67 electrode that was previously calibrated with standard buffers.
The sensing measurements of the solutions of DMAN and surface-mod-
iﬁed ﬁlms of EBA-DMAN were performed using HCl solution in the
water:ethanol (4:1) mixture as solvent.
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trometry in aqueous solution and vapors was performed as follows. The
titration of the solution with DMAN (water:ethanol 4:1, 10−4 M) was
carried out by adding dilute HCl to increase the acidity from pH 8 to
pH 0.5. After each addition, the solutions were allowed to equilibrate
for 10min, the pHwas measured, and UV–Vis and ﬂuorescence spectra
were recorded.
In the case of functionalized materials (EBA-DMAN and EBA-pl-
DMAN), the ﬁlmswere cut into strips of dimension 1 × 4 cmand dipped
into 100 ml of water (Millipore-Q) using a homemade support that is
slotted into the cell holder of the spectrophotometers. To study the ef-
fect of increasing the acidity of the medium beyond the pH scale, vials
containing 50ml of HCl at pH 7 to−1.1 (12MHCl, 37%)were prepared.
Strips of the ﬁlm were immersed in these vials, starting from the vial
with the lowest acid concentration, and the UV–Vis and ﬂuorescence
spectra were recorded for each pH after a conditioning time of 2 h.
The ﬂuorescence detection of acidic vapors was performed by adding
100 μl of HCl (12MHCl 37%) over a cotton fragment to avoid direct con-
tact and placing it at the bottom of a sealed spectrophotometric cuvette,
where the functionalized EBA ﬁlm is disposed.
2.4. Microwave equipment
The microwave equipment used in this study was an Anton Paar
Monowave™ 300 microwave synthesis reactor equipped with an infra-
red sensor (IR pyrometer). All reactionswere performed in pressure-re-
sistant 30-ml test tubes sealed with silicon septum with a magnetic
stirring bar. The progress of the reactionswas observed by an integrated
CCD camera, which directly focuses on the reaction vial.
2.5. Plasma treatment and characterization by contact anglemeasurements
and atomic force microscopy
The ﬁlmswere plasma-treated using an RF-Expanded Plasma Clean-
er PDC-002 coupled with a PlasmaFlo PDC-FMG gas mixer obtained
from Harrick Plasma and a Varian SH-110 vacuum pump. Samples
were placed inside the Pyrex chamber (6″ diameter × 6.52″ length),
and both sides of all ﬁlms were treated with high RF power (30 W to
the RF coil) for 30minwith oxygen plasma. Gas ﬂow rates and chamber
pressure can be altered by manual pressure and ﬂow regulators, and
stabilized pressure was ﬁxed at 250 mTorr (0.33 mbar).
Changes in the wettability of plasma-treated polymer surfaces were
observed after thedetermination ofwater contact angle (CA) by the ses-
sile drop method. CA measurements were performed at 25 °C using a
KSV instruments LTD CAM200Tensiometer andMilliQwater aswetting
solvent. Surface energy was determined using two liquids (water and
methylene iodide) for the measurements. On the basis of Owens–
Wendt's method [24], the surface energy (γ) and its dispersive (γd)
and polar (γp) parts were calculated using the CAM 200 software.
Surface morphology and roughness of the EBA ﬁlms modiﬁed with
DMAN before and after oxygen plasma treatment were examined
by atomic force microscopy (AFM) using a Nanoscope IV system
(Digital Instruments) working in tapping mode with a triangular
microfabricated cantilever having a length of 115–135 mm, 1- to 10-
Ohm-cmphosphorous (n)-doped Si pyramidal tip, and a nominal spring
constant of 20–80 N m−1. The mean roughness value (Ra) represents
the arithmetic average of the deviations from the center plane of the
sample, which was determined using standard Digital Instruments
software.
2.6. Surface modiﬁcation of EBA ﬁlms by hydrolysis (EBA-COOH) and acid
chlorination (EBA-COCl)
EBA (7% of BA) ﬁlmwas cut into strips (1 × 4 cm) and hydrolyzed in
the solid state by a modiﬁed procedure of the method reported previ-
ously [3] to conduct the heterogeneous reaction in amicrowave reactor.The EBA ﬁlm was placed in a 30-ml microwave test tube, and the test
tube was then ﬁlled with a solution of 0.5 M NaOH in isopropanol. The
temperature of the solution was ﬁxed at 65 °C under stirring at
600 rpm for 6 h. After completion of the heterogeneous reaction at
room temperature, the EBA-COO– ﬁlm was separated from themedium
and neutralized in amicrowave-assisted second step by adding 30ml of
aqueous HCl solution (0.1 M) to the polymer and maintaining the mix-
ture at 50 °C for 1 h. The resulting hydrolyzed EBA-COOH ﬁlm was then
washed repeatedly with distilled water and dried under vacuum over-
night. The surface modiﬁcation of EBA to EBA-COO– and EBA-COOH
was conﬁrmed and evaluated by ATR-FTIR spectroscopy (Fig. 3).
The EBA-COOH ﬁlm and phosphorus pentachloride (50 mg,
0.24 mmol) were placed in a 30-ml microwave reactor containing
20 ml of CH2Cl2 anhydrous solution. Acid chlorination was carried out
under microwave irradiation at 55 °C under magnetic stirring at
600 rpm. After 90 min, the EBA-COCl ﬁlm was washed with dichloro-
methane and dried under vacuum overnight. The reaction between su-
perﬁcial acid groups and EBA-COCl was quantitative and conﬁrmed by
ATR-FTIR spectroscopy (Fig. 3).
2.7. Functionalization of EBA-COCl with DMAN
Superﬁcially chlorinated EBA ﬁlm, EBA-COCl, and 25 mg of DMAN
were placed in a vial containing 20 ml of CH2Cl2 and 500 μl of
triethylamine (TEA) under microwave at 55 °C for 15 h under magnetic
stirring at 600 rpm. The vial was then rapidly cooled down with com-
pressed air to room temperature, and the modiﬁed EBA-DMAN ﬁlm
waswashed repeatedlywith dichloromethane and dried under vacuum
overnight. The reaction was conﬁrmed by ATR-FTIR and UV–Vis spec-
troscopy (Fig. 3).
2.8. Synthesis of N-(2-hydroxyethyl)-4-dimethylamino-1,8-naphthalimide
N-(2-hydroxyethyl)-4-bromo-1,8-naphthalimide (compound 1)
and N-(2-hydroxyethyl)-4-dimethylamino-1,8-naphthalimide (com-
pound 2) were synthesized following the procedure (Fig. 2) described
in refs. [25,26] and using a novel reaction [27] for dimethylamination
of compound 1.
In a pressure-resistant microwave test tube, a mixture of 4-bromo-
1,8-naphthalic anhydride (1.4 g, 0.005 mol) and ethanol amine (0.4 g,
0.005 mol) in ethanol (15 ml) was heated at 85 °C and stirred at
600 rpm for 2 h. The resulting mixture was cooled at 5 °C. The solid
product obtained was ﬁltered and washed with 30 ml of cold ethanol
thrice and then identiﬁed as N-hydroxyethyl-4-bromo-1,8-
naphthalimide (compound 1) after drying. Yield 90% (1.4 g). M.p.:
206 ± 2°. 1H NMR (δH ppm) (300 MHz, DMSO-d6, Me4Si): δ 8.42 (dd,
J= 13.9, 7.9 Hz, 2H), 8.20 (d, J= 7.9 Hz, 1H), 8.10 (d, J= 7.8 Hz, 1H),
7.89 (t, J = 7.9 Hz, 1H), 4.81 (s, 1H), 4.10 (t, J = 6.4 Hz, 2H), 3.61
(t, J = 5.9 Hz, 2H). 13C NMR (δC ppm) (100.6 MHz, DMSO-d6, Me4Si):
δ 162.90, 162.85, 132.41, 131.42, 131.24, 130.80, 129.61, 128.98,
128.67, 128.14, 122.70, 121.92, 57.71, 41.95. FTIR (wavenumbers,
cm−1): νOH3386 cm−1; νC\\H3066 cm−1 aromatic stretch vibration;
νC_O 1692, 1658 cm−1; νN\\C_O 1611 cm−1; νC\\C 1585, 1568 cm−1
aromatic ring chain vibrations. Elemental analysis, theoretical values:
%C 52.52; %H 3.15; %N 4.38; experimental values: %C 52.42; %H 3.25;
%N 4.25; EI–MSm/z: 321.0 (M+).
In a pressure-resistant microwave test tube, 1 g of compound 1
(0.003 mol), 4.35 ml of triethylamine (0.03 mol), and 10 ml of
DMF:water (1:1) solution were added. The mixture was heated at
120 °C and stirred at 600 rpm for 12 h. After completion of the reaction,
the vial was cooled with water to room temperature. The mixture was
extracted with ethyl acetate (4 × 50 ml), and the organic layer was
dried over K2CO3. The solvent was evaporated under reduced pressure,
which was puriﬁed by silica gel column chromatography using ethyl
acetate:hexane (2:1) as eluent to obtain an orange solid product,
which is identiﬁed as N-(2-hydroxyethyl)-4-dimethylamino-1,8-
Fig. 2. Reaction pathway and mechanism for the synthesis of N-(2-hydroxyethyl)-4-dimethylamino-1,8-naphthalimide (DMAN, compound 2).
81S. Fernández-Alonso et al. / Reactive and Functional Polymers 107 (2016) 78–86naphthalimide. Yield: 84%, M.p. = 135 ± 2 °C. 1H NMR (δH ppm)
(400 MHz, DMSO-d6, Me4Si): δ 8.51 (dd, J= 8.5, 1.1 Hz, 1H), 8.45 (dd,
J = 7.3, 1.1 Hz, 1H), 8.34 (d, J = 8.3 Hz, 1H), 7.75 (dd, J = 8.5, 7.3 Hz,
1H), 7.21 (d, J = 8.3 Hz, 1H), 4.81 (t, J = 6.0 Hz, 1H), 4.13 (t, J =
6.6 Hz, 2H), 3.59 (q, J = 6.5 Hz, 2H), 3.08 (s, 6H). 13C NMR (δC ppm)
(100.6 MHz, DMSO-d6, Me4Si): δ 163.69, 163.03, 156.41, 132.12,
131.32, 130.41, 129.56, 124.90, 124.16, 122.37, 113.43, 112.91, 57.87,
44.35, 41.51. FTIR (wavenumbers, cm−1): νOH 3474 cm−1; νC_O
1680 cm−1 and 1628 cm−1, νC\\C 1575 cm−1 aromatic ring chain vibra-
tions. Elemental analysis, theoretical value: %C 67.59; %H 5.67; %N 9.85;
experimental values: %C 67.09; %H 5.88; %N 9.88. EI-MS m/z: 285.0
(M+).3. Result and discussion
3.1. Synthesis of N-(2-hydroxyethyl)-4-dimethylamino-1,8-naphthalimide
The synthesis route to obtain N-(2-hydroxyethyl)-4-
dimethylamino-1,8-naphthalimide is presented in Fig. 2. In the ﬁrst
step, the condensation of 4-bromo-1,8-naphthalic anhydride with 2-
hydroxyethylamine under microwave irradiation in ethanol at 85 °C
afforded compound 1 in high yield at a shorter reaction time than con-
ventional conditions. It has been observed [28] that for various amines,
imidation of naphthalimides under reﬂux required 4–16 h. Our results
show that the microwave method reduced the reaction time and im-
proved the yield from 72–85% (under conventional conditions) to 96%.
In the second reaction step (Fig. 2), an interesting observation was
made while we were optimizing the reaction conditions for the nucleo-
philic substitution reaction of compound 1 with 2-methoxyethylamine.
When the reaction was carried out in DMF, surprisingly,
dimethylamination product (DMAN, compound 2) was also produced.
In the absence of the primary amine, DMAN was obtained in very
good yield. This reaction has been described [27,29] as a convenient
method for the introduction of a dimethylamino group in aromatic
compounds through chlorinated derivatives of heterocycles or aro-
matics using bases such as KOH or K2CO3, and although the reaction
mostly proceeds slowly, it results in good yields.
In our experimental conditions, dimethylamination resulted in the
formation of compound 2 in good yield. On the contrary, when no
base was added, the reaction did not proceed. Also, the presence of
water seemed to be crucial for the amination, and this fact could be at-
tributed to a better solvation of the base. The reaction and the plausible
mechanisms for the amination are illustrated in Fig. 2.
The reaction starts with a base-assisted cleavage of DMF to form the
required dimethylamine [30,31], which acts as the nucleophile for the
formation of the required product. DMF is an easy substitute for
dimethylamine, and the reaction occurs in a shorter period of time
and produces high yields with microwave irradiation. The best condi-
tions were noted under microwave irradiation for 12 h at 850 W and a
ceiling temperature of 120 °C of a mixture of compound 1 togetherwith 10 equiv. of triethylamine in DMF:water (1:1) yielding compound
2 in 90%.
3.2. Microwave-assisted surface hydrolysis, acid chlorination, and
functionalization of EBA with naphthalimide groups
The functionalization of EBA (7% content of BA) was carried out fol-
lowing the sequence of reactions shown in Fig. 1. The different modiﬁ-
cations of EBA, hydrolysis of butyl ester, acid chlorination, and
esteriﬁcation with DMAN were accomplished successfully in solution
under microwave irradiation. All the modiﬁed EBA ﬁlms were isolated
and characterized by ATR-FTIR spectroscopy (Fig. 3).
Fig. 3 shows the characteristics of vibrational bands of the species
formed after each functionalization step as described above in the syn-
thesis section. As shown in Fig. 3, butyl ester on the surface was hydro-
lyzed by microwave irradiation under heterogeneous conditions, and
the degree of hydrolysis was determined by ATR-FTIR as described ear-
lier [3] and by using the butyl ester and carboxylate bands. The obtained
curves are plotted in Fig. 4.
The spectra at different hydrolysis reaction times show the growth
of bands because of the increase in carboxylate content, introduced to
the surface of the polyoleﬁn ﬁlm. This conﬁrms the hydrolysis of the
surface with treatment time. Thus, the carboxylate content can be
used to follow the modiﬁcation of EBA surface by ATR-FTIR.
After reacting sodium hydroxide solution (0.5 M) in isopropanol for
6 h at 65 °C, the conversion of butyl ester to carboxylate (Fig. 4) reaches
a value of 83.3% (5.83% of butyl ester content). In our experimental con-
dition, 1.17% of butyl ester remained in the EBA composition after hy-
drolysis in the superﬁcial thickness of the ﬁlm analyzed by ATR-FTIR.
As found in the hydrolysis reactions carried out in bulk with EBA [3]
and ethylene vinyl acetate (EVA) copolymers [32], a plateau was
reached in thehydrolysis conversionwhen the reaction times are longer
than 6 h.
The determination of the acid content by ATR-FTIR suggested the
carboxylic acid band at 1703 cm−1 is attributed to the overlapping of
the carbonyl butyl ester band at 1735 cm−1. The asymmetric stretch
band of the carboxylate group at 1580 cm−1 could therefore be more
convenient to follow the hydrolysis conversion.
After protonation of the carboxylate groups in a microwave-assisted
second step (HCl aq. solution 0.1 M, 50 °C, 1 h), the acid groups present
in EBA-COOH were converted to acid chloride under microwave
heating. After 1.5 h of reaction with phosphorus pentachloride, the
transformation was quantitative, as shown by the band at 1793 cm−1,
which corresponds to ν(C_O) acyl chloride (EBA-COCl) and the disap-
pearance of the acid band at 1703 cm−1 (Fig. 3).
Finally, functionalization was carried out by reacting EBA-COCl with
the previously obtained N-(2-hydroxyethyl)-4-dimethylamino-1,8-
naphthalimide derivative. The degree of functionalization increased
with reaction time (3 h: 45%; 5 h: 60%; 7 h: 70%; and 10 h: 83%). After
reacting for 15 h at 55 °C, no acyl halide band in the functionalized
EBA-DMAN ﬁlm could be detected at 1793 cm−1, suggesting that the


























Fig. 3. ATR-FTIR spectra in the region between 2000 and 1000 cm−1 of EBA (7% of BA content) and the surface-modiﬁed EBA materials: (1) 1735 cm−1 ν(C_O) butyl ester (EBA), (2)
1165 cm−1 ν(C\O) aliphatic ester (EBA), (3) 1568 cm−1 and (4) 1413 cm−1 are assigned to νas(COO\) and νs(COO\) of carboxylate anion, respectively, (EBA-COO−), (5) 1703 cm−1
ν(C_O) carboxylic acid (EBA-COOH), (6) 1793 cm−1 ν(C_O) acyl chloride (EBA-COCl), (7) 1730 cm−1 ν(C_O) naphthalimide (EBA-DMAN), (8) 1644 cm−1 ν(C_C) naphthalimide
aromatic ring (EBA-DMAN), and (9) 1167 cm−1 ν(C\O) aliphatic ester (EBA-DMAN).
1.0 Initialn
82 S. Fernández-Alonso et al. / Reactive and Functional Polymers 107 (2016) 78–86reaction was quantitative and the content of naphthalimide on the sur-
face remained constant after several washes with dichloromethane.
The amount of naphthalimide superﬁcially bonded to the EBA was
determined spectrophotometrically through the measurement of ab-
sorbance at the peak maximum of the absorption band and using the
absorption coefﬁcient of N-(2-hydroxyethyl)-4-dimethylamino-1,8,-
naphthalimide in water:ethanol (4:1 w/w) (ε445 = 1.02 × 104 mol−1
l cm−1). Analysis of EBA-DMAN by UV spectroscopy provided a mea-
sure of the surface content of DMANper unit area of polymer, and a con-
centration value of 2.4 ± 0.20 μg cm−2 was calculated for the EBA-
DMAN ﬁlm hydrolyzed after 6 h. For the materials with a lower initial
degree of hydrolysis, a good correlation was observed between increas-
ing the extent of acid chlorination on EBA and increased content of
DMAN bonded to the EBA.
3.3. Depth proﬁling of the functionalization by CRS
Chemical functionalization of EBA-DMANpolymer ﬁlmswas studied
using Ramanmicroscopy. Both physical and chemical surface modiﬁca-
tion reactions generally result in the formation of a concentration gradi-
ent of the modifying groups through the ﬁlm, and we used CRS to
characterize the depth proﬁle [33] of DMAN anchored to the EBA-























Fig. 4. Relationship between the percentages of surface hydrolysis degree of butyl ester (▪)
and carboxylate formation (•) and reaction time in EBA ﬁlms (7% content in BA)
determined from the ATR-FTR spectra.To obtain the depth proﬁle of the ﬁlms, a Ramanmicroscope was fo-
cused stepwise (1 μm) from near the surface down to the center of each
ﬁlm, and the 1000- to 1800-cm−1 region of the spectrumwas recorded
at each step. In addition to the typical EBA polymer peaks, new charac-
teristic bands emerged for graphitic material EBA-DMAN.
The degree of modiﬁcation as a function of depthwas obtained from
the relative intensity of the naphthalimide bands and ν(C\\C) aromatic
ring vibrations at 1585 cm−1 with respect to the ν(C\\C) aliphatic chain
vibrations of the EBA at 1296 cm−1. Hence, signals [I (1585 cm−1)/I
(1296 cm−1)] lead to the relative depth proﬁle, which is depicted in
Fig. 5.
The shape of the curve shown in Fig. 5 conﬁrms that the EBA has not
only been modiﬁed at the surface, but a gradient of DMAN was also
formed across the ﬁrst 20 μm of ﬁlm thickness until the naphthalimide
Raman bands are negligible. Relative degrees of hydrolysis of the EBA
and the subsequent functionalization are a function of the depth with-
out any interface between thepure EBA layers and functionalized layers.
This behavior has been described by other authors using this technique
to modify polyvinyl chloride (PVC) [34] and in the nitration of polysty-
rene [35] without any swelling of the polystyrene ﬁlm. In our reaction



























Fig. 5. Relative depth proﬁle of functionalization calculated from the evolution of the
Raman band ν(C\C) aromatic ring vibrations of naphthalimide at 1585 cm−1 (inset)
versus depth. Spectra of a functionalized EBA-DMAN ﬁlm (100 μm) were recorded using
confocal Raman spectroscopy and normalized with respect to the intensity of the ν(C\C)
band at 1296 cm−1 of the aliphatic chain vibrations of the EBA.
Table 1
Parameters for N-(2-hydroxyethyl)-4-dimethylamino-1,8-naphthalimide (DMAN) in
solution and bonded to the polymer ﬁlm (EBA-DMAN) determined according to pH de-
pendence by UV–Vis absorption and ﬂuorescence spectroscopy(a).
Parameter DMAN EBA-DMAN
λABS-acid 332, 346 nm 327, 348 nm
Log εacid(b) 4.08 (332 nm)/4.05 (346 nm) −
λIsobestic 305, 360 nm 370 nm
λABS-base 445 nm 402 nm
Log εbase(b) 4.01 (445 nm) –
pKa(c) 1.41 −0.88
λFLU-acid 548 nm 480 nm
λFLU-base 550 nm 488 nm
ϕFLU-(solvent)(f) 0.032 (water:ethanol, 4:1, v/v) water:ethanol
(4:1, v/v) bb ethanol⋘ hexane0.035 (ethanol)
0.85 (hexane)
Δν(g) 4290.1 4425.7
a Measured at 10−4M inwater:ethanol (4:1, v/v). The subscripts “acid” and “base” refer
to the limiting value of a given parameterwhen the acid or base condition is increased, re-
spectively. Fluorescence emission spectra were obtained by excitation at λMAX.
b ε, molar absorptivity in M−1 cm−1.
c Obtained [37] by analyzing the pH dependence of the absorbance (A) at a given wave-
length according to the equation log[(Aacid− A)/(A− Abase)] = pH− pKa.
f Relatively to coumarin 6 (ϕF = 0.78 in ethanol).
g Stokes shift (νFLU-νABS) in frequency (cm−1).
83S. Fernández-Alonso et al. / Reactive and Functional Polymers 107 (2016) 78–86the polyoleﬁn ﬁlm did not swell, and hence, the extent of hydrolysis
(83.3% of butyl ester content of EBA) is conﬁned to the ﬁrst 20 μm
from the surface down to the ﬁlm center as the DMAN depth proﬁle.
CRS is a useful technique to measure the functionalization of poly-
mer surface through the depth proﬁle using Raman absorption band
characteristics of the anchored functionalities.
3.4. Effect of pH on the absorption and ﬂuorescence properties of DMANand
EBA-DMAN
Light excitation of DMAN elicits an electron donor–acceptor interac-
tion between the unbound electron pair of the nitrogen atom at C-4 po-
sition toward the electron-accepting peri-carboximide groups [36,37].
This intramolecular electron charge transfer (ICT) results in a long-
wavelength broad absorption band with absorption maxima at 445
and 402 nm for DMAN (Fig. 6A) and EBA-DMAN (Fig. 6B), respectively.
Upon acidiﬁcation, the maximum intensity of the band decreases from
pH approximately 3 to 0 (Fig. 6C). When the aromatic amine of the
naphthalimide derivative is protonated at low pH values, the electron-
withdrawing effect leads to ﬂuorescence quenching (Fig. 6D). This effect
can also be observed for the DMAN bonded to the surface of EBA (Fig.
6B). The effect of pH on the absorbance and ﬂuorescence of DMAN
and EBA-DMAN is illustrated in Fig. 6.
For EBA-DMAN, the decrease in absorbance and the corresponding
quenching of ﬂuorescence due to the amine protonation occurs at
lower pH values than that obtained for DMAN (Fig. 6C and F). This fact
could be due to the hydrophobic characteristic of the EBA surface.
Hence, EBA-DMAN ﬁlms were used to evaluate the molarity of HCl
aqueous solutions in the interval of 1–12 M with the change in absor-
bance (Fig. 6B) and ﬂuorescence (Fig. 6E) characteristics as a function
of pH [38]. Table 1 summarizes some spectroscopic parameters obtain-
ed from the spectra.
When the DMAN chromophore is bonded to the EBA through the 2-











































































Fig. 6. Spectroscopic characteristics as a function of pH of acidmedia: Absorption of DMAN (A) a
absorption (C) and ﬂuorescence (F) changes with pH for DMAN and EBA-DMAN.marked hypsochromic shift of 40–60 nmwithout a decrease in intensity
and maintaining the Stokes shift (Table 1). The ﬂuorescence quantum
yield of DMAN is low in polar and base–neutral media, but is drastically
increased to 0.85 in hexane. These results are in agreement with those
obtained by other authors [37] for N-methyl-4-dimethylamino-1,8-
naphthalimide. The corresponding ﬂuorescence quantum yields of
EBA-DMAN were not determined because of difference between the
functionalized ﬁlm and the ﬂuorescence standard used in solution, but
the relative ﬂuorescence intensities of EBA-DMANwere in the same in-
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nd EBA-DMAN (B) and ﬂuorescence of DMAN (D) and EBA-DMAN (E). Comparison of the
84 S. Fernández-Alonso et al. / Reactive and Functional Polymers 107 (2016) 78–86The pKa of EBA-DMAN has a negative value (−0.88) and is lower
than that of DMAN (1.41), as the dimethylamine protonation of EBA-
DMAN occurs at lower pH than that observed for DMAN (Fig. 6).
The EBA-DMAN material acts as an extreme acidity sensor by its
absorbance and ﬂuorescence characteristics. The sensor activity of
EBA-DMAN was effective under several acid–water wash cycles (until
4–5 cycles), but with a prolonged response time (~2 h). Also, reversibil-
ity was observed with lower recovery of the ﬂuorescence after the
fourth cycle. One possibility to decrease the response time to acid
media is to increase the hydrophilicity of the EBA surface though oxygen
plasma treatment. In the next section, we report the results obtained
from EBA-DMAN before and after plasma treatment as a sensor of
acidity.
3.5. Plasma treatment of EBA-DMAN ﬁlms and characterization
To enhance the hydrophilic characteristic of the functionalized EBA,
the EBA-DMAN ﬁlms were exposed to oxygen plasma for 30 min. Plas-
ma treatment causes cleavage of macromolecular chains, generation of
free radicals and oxygen-containing functionalities, and subsequent
rearrangement of modiﬁed chains [39]. Plasma treatment can induce
several surface changes [40], with serious impacts on consequent
applications such as alterations in biocompatibility and antibacterial
properties [41].
These processes have a signiﬁcant effect on surface wettability. The
content of DMAN bonded to the polymer remained constant after the
treatment, but important changes were observed in the water CA. The
obtained results are summarized in Table 2.
The plasma-treatedﬁlm EBA-pl-DMANexhibited a hydrophilic char-
acteristic because of the presence of oxidative species on the surface
[42]. The value of the water CA of EBA (7% BA), 106.5°, changed to
92.6° for EBA-DMAN, and after 30min of treatmentwith oxygen plasma
(EBA-pl-DMAN), this value further decreased to 41°. The measured CAs
were then used to calculate the polar, disperse, and total surface ener-
gies of the modiﬁed EBA ﬁlms. The change in the total surface energy
(γ) and its polar (γp) and dispersive (γd) components of the modiﬁed
EBA ﬁlms was calculated by Owens–Wendt's method. The variation in
the values of the total, polar, and disperse solid surface energies (Table
2) of EBA-DMAN before and after oxygen plasma treatment, EBA-pl-
DMAN, shows that the total surface energy of EBA-DMAN increases
from 30.91 mN m−1 for untreated ﬁlm to 62.39 mN m−1 for oxygen
plasma-treated ﬁlm EBA-pl-DMAN. Compared with the untreated ﬁlm,
plasma-treated ﬁlms have higher total surface energy, particularly for
the polar component.
The change in EBA-DMAN surface structure and the topography
after oxygen plasma modiﬁcation were imaged and measured by AFM.
The AFM images of the untreated and oxygen plasma-treated ﬁlms are
presented in Fig. 7.
The average roughness (Ra) of untreated ﬁlms was 12.5 nm, and
their surface patternwas relatively smooth. After 30min of oxygen plas-
ma treatment, the treated EBA-pl-DMAN exhibited high density of
height features distributed on the surface (Fig. 7). As expected, the aver-
age roughnesswas increased to 35.5 nm. Themean surface roughness of
EBA-pl-DMANwas increased by approximately three times, conﬁrmingTable 2
Contact angle (CA) and total (γ), polar (γp), and disperse (γd) surface energy data for EBA
(7% of BA content) and the surface-modiﬁed EBA materials.
Static CA (°) Surface energy (mN m−1)a
Water Diiodomethane γ γp γd
EBA 106.5 55.0 29.38 0.38 29.00
EBA-COOH 85.9 66.6 29.51 4.99 24.53
EBA-DMAN 92.6 60.8 30.91 2.33 28.58
EBA-pl-DMAN 41.0 51.5 62.39 28.44 33.95
a Calculated using Owens–Wendt's method [24].that the change inmorphology is the result of the ion bombardment and
ablation of the polymer surface layer.
3.6. Plasma treatment of EBA-DMAN ﬁlms and response time to acid media
The changes in ﬂuorescence emission with HCl (37%, 12 M) as a
function of time are shown in Fig. 8A and B for EBA-DMAN and EBA-
pl-DMAN, respectively.
The oxygen plasma treatment substantially decreased the response
time of the DMAN ﬂuorescence in strong acid medium (HCl, 12 M)
from 80 min for EBA-DMAN to 30 min for EBA-pl-DMAN (Fig. 8C), to-
gether with a larger decay of ﬂuorescence in the plasma-treated ﬁlm.
The increase in hydrophilicity imparted by the oxidative plasma on
the ﬁlm surface facilitates the penetration of proton into the coordina-
tion sphere of the DMAN functional groups anchored to the ﬁrst
20 μm of the ﬁlm. The remaining nonprotonated DMAN chromophore
after acid treatment was higher for the EBA-DMAN ﬁlm, as the residual
ﬂuorescence intensity is stronger than that observed for the EBA-pl-
DMAN ﬁlm. This fact conﬁrms a deeper penetration of protons into
the plasma treatment material. Also, the reversibility of dimethylamine
protonation after washingwithwater was compared for bothmaterials.
Again, the extent of deprotonation is lower for EBA-DMAN (Fig. 8D), as
the ﬂuorescence intensity of EBA-pl-DMAN (Fig. 8E) was totally recov-
ered after washingwith distilled water. Thus, oxygen plasma treatment
improved the sensitivity of the functionalized EBA surface to the acid
medium.
The response time of functionalized ﬁlms to the extremely acidic en-
vironmentwas also studied in the vapor phase, it was observed that the
spectroscopic characteristics of DMANbonded to the polymerwere sen-
sitive to the acid vapor medium. It was necessary to maintain the ﬁlm
for approximately 1 h to observe the effective change in absorption
and ﬂuorescence properties. The results are shown in Fig. 9.
Both functionalized materials are sensitive to HCl vapors through
their ICT absorption bands at the longest wavelength (Fig. 9A and B).
The plasma-treated EBA-pl-DMAN ﬁlm exhibits better behavior in ﬂuo-
rescence decay after 120 min of vapor treatment (Fig. 9D) than the un-
treated EBA-DMANﬁlm (Fig. 9C). The vapor penetration into the surface
materials was improved by the surface oxidation induced by the
plasma.
The hydrophilicity of the EBA surface clearly improved the sensor ac-
tivity of the DMAN chromophore bonded to the surface.
In this study, we have described a useful procedure to modify and
functionalize the polyoleﬁn copolymer EBA, thereby opening the possi-
bility of anchoring numerous interesting structures containing func-
tionalities capable of reaction with acid chlorine groups introduced by
microwave irradiation. The functionalized surface ﬁlms of EBA-DMAN
act as strong acid sensors in both solution and vapor phases. The post-
functionalization treatment with oxygen plasma decreased the
response time to the acid media and increased the penetration of pro-
tons into the material. This functionalization with dimethylamine
naphthalimide derivatives such as those used in this study or other ﬂuo-
rescence probes could result in a variety of ﬁlm sensors of signiﬁcant
interest in environmental applications.
4. Conclusions
In conclusion, we have demonstrated that microwave irradiation al-
lows rapid and efﬁcient attachment of hydroxyl naphthalimide func-
tionalities to superﬁcially acid-chlorinated ethylene-butyl acrylate
copolymers (EBA-COCl). The previous modiﬁcations of EBA (7% of BA)
ﬁlms (hydrolysis and acid chlorination) occur efﬁciently in a heteroge-
neous phase under our experimental conditions.
CRS was a useful technique to measure the functionalization of the
polymer surface through the depth proﬁle, and the results demonstrat-
ed that the heterogeneous modiﬁcation was conﬁned to the ﬁrst 20 μm
from the surface down to the ﬁlm center.
Fig. 7. AFM images and surface roughness (Ra) of the modiﬁed polymer ﬁlms: EBA-DMAN and oxygen plasma-treated EBA-pl-DMAN.
85S. Fernández-Alonso et al. / Reactive and Functional Polymers 107 (2016) 78–86The surface-modiﬁed ﬁlms with N-(2-hydroxyethyl)-4-
dimethylamino-1,8-naphthalimide (EBA-DMAN) at a concentration of
2.4± 0.20 μg cm−2 determined by UV-spectroscopy exhibited properties
as a reversible acidity sensor (until 4–5 cycles). The decrease in absor-





















































































+ HCl (37 
Was
Fig. 8. Fluorescence decay with time for EBA-DMAN (A) and oxygen plasma-treated EBA-pl-D
between both materials (C) and reversibility of dimethylamine protonation of the functionali
and (F) ﬂuorescence cells with EBA-pl-DMAN ﬁlm, initial and after 30 min.ﬂuorescence because of the amine protonationof EBA-DMANﬁlms occurs
at lower pH values than that obtained for DMAN, and the solid sensorwas
used to evaluate the molarity of HCl solutions in the interval of 1–12 M.
Oxygen plasma treatment of the functionalized ﬁlms increased ap-





















MAN (B) ﬁlms using HCl (37% w/w, 12 M) aqueous solution. Response time comparison










































































































































































Fig. 9.Absorption changeswithHCl vapors as a function of time (0–120min) for functionalizedﬁlms of EBA-DMAN (A) and EBA-pl-DMAN (B). Light blueﬂuorescence (488 nm) decreases
after 120min of vapors treatment for EBA-DMAN (C) and EBA-pl-DMAN (D). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to theweb version of
this article.)
86 S. Fernández-Alonso et al. / Reactive and Functional Polymers 107 (2016) 78–86and the DMAN content bonded to the polymer remained constant after
the treatment. Theplasma treatment decreased the response time of the
DMAN ﬂuorescence to a strong acid medium (from 80 min for EBA-
DMAN to 30 min for EBA-pl-DMAN in HCl, 12 M) and thus improved
reversibility.
DMAN ﬁlms bonded to the polymer were sensitive to the acid vapor
medium, and theﬁlms treatedwith plasma (EBA-pl-DMAN) exhibited a
better behavior in ﬂuorescence decay, conﬁrming that vapor penetra-
tion into the surface materials was improved by the surface oxidation
induced by the plasma.
This new procedure using microwave reactions in a heterogeneous
phase opens up the possibility to attach numerous interesting struc-
tures to polyoleﬁn surfaces for application in materials of signiﬁcant
value such as environmental solid sensors.
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A photocrosslinked membrane (M-Cl) based on vinyl-pyrrolidone/butyl acrylate containing ethylene
glycol dimethacrylate as a crosslinking agent and methacryloyl chloride as reactive monomer has been
prepared for further functionalization. A series of hydroxy substituted piperazine naphthalimide com-
pounds have been synthetized as pH sensitive Off-On ﬂuorescence probes using two methods: micro-
wave and reﬂux. Three of the derivatives were selected to be anchored to the M-Cl membrane through
the acid chloride groups by the Schotten-Baumann reaction. All the obtained water-swollen membranes
were characterized using different techniques. Photo-induced electron transfer (PET) and its pH-
dependent optical changes were investigated and various photochemical parameters were determined
by using pH-dependent absorption and ﬂuorescence spectroscopies. In the pH range of 9.0e4.0, these
solid sensors undergo PET process from the piperazine to the naphthalimide moiety leading to a ﬂuo-
rescence quenching. However, in the pH range of 4.0e1.0, the PET is inhibited to give a ﬂuorescence
enhancement. The sensitivity of the functionalized membranes to pH changes depended on the size and
position of the naphthalimide substituents.
© 2017 Elsevier Ltd. All rights reserved.1. Introduction
Polymeric membranes have been widely utilized as a support
material for various types of sensors and also used in systems
where the environmental information is gathered by the mea-
surement of photons. The most commonly used method is ﬂuo-
rescence emission. Its applications include optical chemical [1,2]
and biological [3] sensors. Hydrophilic polymermatrices arewidely
used for immobilization of optical indicators due to their advan-
tages such as fast response time, low cost, ﬂexibility and their
capability for deposition into various types of substrates.
In recent years, the developments of ﬂuorescence pH sensors
have attracted considerable attention because of their potential
application in environmental analytics, medical diagnostics and
process control [4,5]. Compared to small organic compounds,
polymer based optical sensors display several important advan-
tages as they can be non-invasive or minimally invasive, disposable,
easily miniaturized and simple to process as a membrane, coatingor solid layer on adequate surfaces [6,7]. The most widely used
technique amongst optical sensors is the measurement of ﬂuores-
cence intensity. Among the large number of ﬂuorescent structures
that have been developed, 1,8-naphthalimide derivatives have
numerous applications in a variety of different areas. They have
gained increasing interest as ﬂuorescent probes for pH [8,9], metal
cations [10e13] and anions [14] because they have been recognized
for excellent photophysical properties with excellent stability,
visible excitation and emission exhibiting high ﬂuorescence
quantum yields and large Stokes' shift that minimize the effects of
the background ﬂuorescence.
Polymerizable naphthalimide derivatives have been copoly-
merized with different co-monomers such as methyl methacrylate
[15] and styrene [16,17], 2-hydroxyethyl methacrylate [18] and
acrylamide [19,20]. In particular alkylpiperazinyl derivatives of
naphthalimides have been studied and their behaviour as proton
“offeon” switch sensors has been demonstrated as very sensitive
[21,22] and interesting for applications [23] in complex media.
In an earlier work, we modiﬁed the surface of a ﬁlm based on a
copolymer of ethylene butyl acrylate with a naphthalimide deriv-
ative as an acidity sensor [24]. Even though the functionalized ﬁlm
S. Fernandez-Alonso et al. / Polymer 124 (2017) 139e150140was effective as an acid sensor, the hydrophobicity of the polyoleﬁn
surface modiﬁed with 4-dimethylamino-1,8-naphthalimide (water
contact angle value of 92.6) increased the time of its response to
acid media.
Vinyl-pyrrolidone (VP) based materials exhibit highly inter-
esting properties due to its unique combination of physical and
chemical properties (biocompatibility, nontoxicity, chemical sta-
bility, good solubility inwater andmany organic solvents, afﬁnity to
both hydrophobic and hydrophilic complex substances). Also, VP
copolymers with acrylic monomers such as butyl acrylate (BA) have
important applications [25,26].
In this work we have prepared a photocrosslinked membrane
based in vinyl-pyrrolidone/butyl acrylate and added ethylene glycol
dimethacrylate as the crosslinking agent andmethacryloyl chloride
as the reactive monomer for further functionalization. Through the
acid chloride groups, three derivatives of naphthalimide were
anchored to obtain solid ﬂuorescence sensors. The membrane
preparation and the functionalization with naphthalimides are
shown in Fig. 1.
The naphthalimides linked to the membrane containing acid
chloride (M-Cl) were selected from a series of naphthalimide de-
rivatives previously synthetized in this work using two methods:
microwave and reﬂux. The structures of the series (Fig. 2) are hy-
droxyl derivatives of piperazine 1,8-naphthalimides which have
been reported to have excellent ﬂuorescence properties [21,22].
The membranes were characterized and the spectroscopic charac-
teristics of the naphthalimide derivatives and the membranes were
studied in function of pH and of different solvent polarities using
UV-vis and ﬂuorescence spectroscopies.Fig. 1. Synthesis of the photocrosslinked acrylic membrane containing acid chloride2. Experimental
2.1. Materials and reagents
All materials and solvents were commercially available and used
as received, unless otherwise indicated. The materials included:
sodium hydroxide (Panreac, 98e100.5%), hydrochloric acid (VWR
Chemicals, 37%), ultrapure MilliQ water (Millipore), triethylamine
(Aldrich, 99%), 4-bromo-1,8-naphthalic anhydride (Aldrich, 95%),
potassium carbonate (Panreac, 99%), 2-aminoethanol (Aldrich,
99%), 2-methoxyethylamine (Aldrich, 99%), piperazine (Aldrich,
99%), 1-methylpiperazine (Aldrich, 99%), 1-(2-hydroxyethyl)piper-
azine (Aldrich, 98%), 1-[2-(2-hydroxyethoxy)ethyl]piperazine
(Aldrich, 95%) ethanol (VWR Chemicals, 99.95%), dimethylforma-
mide (Scharlau, 99.8%), Irgacure 2959 photoinitiator (BASF), ethyl
acetate (Aldrich, 99.5%), hexane (Carlo Erba Reagents, 99%), 2-
propanol (Scharlau, 99.5%), dichloromethane (Aldrich, 99.9%),
toluene (Merck, 99.9%), diethyl ether (Carlo Ebra, >99.8%), 1,4-
dioxan (Panreac, 99%), tetrahydrofuran (Aldrich, 99.9%), chloro-
form (Scharlau, 99%), acetone (Scharlau, 99.5%), acetonitrile
(Aldrich, 99.5%), 1-butanol (Panreac, 99.5%), methanol (Aldrich,
99.8%), coumarin 6 (Aldrich, 98%), dimethylsulfoxide D6 (Euriso-
top, 99.8% D), chloroform-d (Aldrich, 99.8% D), diiodomethane
(Aldrich, 99%).
Monomers, 1-vinyl-2-pyrrolidone (Aldrich, 97%), butyl acry-
late (Aldrich, 99%) and ethylene glycol dimethacrylate (Aldrich,
98%) and methacryloyl chloride (Aldrich, 97%) were distilled un-
der vacuum to remove the inhibitor before use.groups (M-Cl) and functionalization with the selected naphthalimide structures.
Structure
MW method Reflux method
t (h.) Y (%) t (h.) Y (%)
2a 2 90 15 76
2b 2 93 15 80
3a 1 84 15 64
4a 1 85 15 67
5a 1 88 15 68
6a 1 85 24 70
3b 1 84 15 69
4b 1 83 15 73
5b 1 84 15 71
6b 1 85 24 69
Fig. 2. Synthesis of the naphthalimide derivatives and their corresponding reaction times and yields for microwave (MW) and reﬂux (RF) methods.
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Attenuated Total Reﬂectance/FT-Infrared Spectroscopy (ATR-FTIR)
was used to characterize naphthalimide derivatives and mem-
branes. ATR-FTIR spectra were obtained using a PERKIN ELMER BX-
FTIR Spectrometer coupled with a MIRacle™ATR accessory, from
PIKE Technologies and interferograms were obtained from 32
scans.
UV spectroscopy was employed for the quantitative determina-
tion of each hydroxyl-piperazine-naphthalimide derivative
anchored to acrylic membranes in a PERKIN ELMER Lambda 35
spectrometer. The naphthalimide content was determined through
measurement of absorbance at the peak maximum of the absorp-
tion band. Assessment was made in quintuplicate for each material.
Fluorescence spectra were recorded using a Perkin Elmer LS 55
Fluorescence Spectrometer. Fluorescence emission spectra of the
probe were recorded in the range 490e700 nm using as the exci-
tation wavelength the maximum of the longest wavelength ab-
sorption band. All the spectra were corrected using the response
curve of the photomultiplier. The ﬂuorescence quantum yields (fF)
weremeasured relatively to Coumarin 6 (fF¼ 0.78 in ethanol) [27].
Nuclear magnetic resonance, 1H- and 13C- NMR spectra were
recorded on a Varian-Mercury 400 MHz and a Bruker 300 MHz
Nuclear Magnetic Resonance Spectrometers using hexadeuterated
dimethyl sulfoxide (DMSO-d6) and chloroform-d (CDCl3) as the
solvent. Chemical shifts were reported in parts per million (ppm).
1H NMR and 13C NMR chemical shifts were referenced to DMSO-d6
(2.5 and 39.52 ppm respectively) or CDCl3 (7.25 and 77.0 ppm
respectively) as standard.
Mass Spectra (MS) were recorded on a HP 5973-MSD
spectrometer.Differential Scanning Calorimetry (DSC) was performed on a
METTLER DSC-823e instrument (30e180 C) previously calibrated
with an indium standard (Tm¼ 429 K, DHm¼ 25.75 Jg1). Samples
(10 mg) were tightly sealed onto the DSC pans and heating or
cooling at 10 C$min1 rates under nitrogen. DSC was used to
measure the glass transition temperature of the acrylic membranes
and the melting points of the naphthalimide derivatives. The glass
transition temperature of the membranes (Tg) were determined in
a second scan after erasing the previous thermal history of the
material in a ﬁrst scan. Rate of 10 C/min under nitrogen ﬂow (30
psi).
Thermogravimetric Analysis (TGA) was carried out in a TGA Q-
500 TA Instruments coupled to a Pfeiffer Vacuum ThermoStar™
mass spectrometer. The weight loss was measured as a function of
temperature, and the evolved gas masses were directly monitored.
The heating rate for the dynamic conditions was 10 C$min1, and
the nitrogen ﬂow was maintained constant at 60 mL min1. The
onset degradation temperature (TOnset) was deﬁned as the initial
temperature of degradation, corresponding to the intersection of
the tangent drawn at the decomposition step with the horizontal
zero-line of the TG curve.
Elemental analysis (EA) was carried out on a Carlo Erba EA1108
elemental analyzer (% of C, H, N).
2.3. Swelling ratio and water contact angle measurements
Swelling degree (SD) in water and THF of the crosslinked
membranes were measured by immersing dried and weighed
sample ﬁlms (Wd) into deionized water or THF at 30 C for 24 h. The
superﬁcial solvent was removed and the samples were immedi-
ately weighed (Ws). The SD were calculated as follows: SD
S. Fernandez-Alonso et al. / Polymer 124 (2017) 139e150142(%)¼ ((WsWd)/Wd) 100, whereWs andWd are the weight of the
swollen and dry sample, respectively.
Contact angle (CA) measurements were performed at 25 C
using a KSV instruments LTD CAM200 Tensiometer and MilliQ-
water as wetting solvent. Surface energywas determined using two
liquids (water andmethylene iodide) for the measurements. On the
basis of OwenseWendt's method [28], the surface energy (g) and
its dispersive (gd) and polar (gp) parts were calculated using the
CAM 200 software.2.4. Microwave and UV irradiation equipments
The microwave equipment used in this work was an Anton Paar
MonowaveTM 300 microwave synthesis reactor provided with an
infrared sensor (IR pyrometer). All reactions were performed in
pressure-resistant 30-mL test tubes sealed with silicon septum and
using a magnetic stirring bar.
The photopolymerization reactions were carried out in a Bio-
link™ BLX-365 type Bio-link apparatus (Vilbert Lourmat™).2.5. Membrane preparation by photopolymerization (M-Cl) and
functionalization with HO-piperazine-naphthalimide derivatives
The reaction scheme for the photopolymerization reaction and
the membrane functionalization with naphthalimide is shown in
Fig. 1.
A crosslinked membrane (M-Cl) was obtained by the bulk
photopolymerization of a mixture of monomers: N-vinyl-
pyrrolidone (VP), butyl acrylate (BA), ethylene glycol dimethacry-
late (EGDMMA) as the crosslinking agent and methacryloyl
chloride (MACl) as the reactive monomer. The monomer molar
ratio of the feed mixture was VP:55/BA:35/MACl:10/EGDMMA:5
and the photoinitiator (Irgacure 2959) was added to the mixture at
1% (w/w). The homogenousmixturewas transferred to an ampoule,
degassed by argon bubbling for 15 min and injected into a previ-
ously degassed silanized glass mould. The two glass pieces were
separated by a Teﬂon spacer of 180 mm thick to deﬁne the reaction
chamber. After 40min of irradiation at 365 nm (dose 20 J cm2), the
transparent crosslinked membrane (180 mm of thickness) was
demoulded and conditioned (12 h) at room temperature under
argon atmosphere. The crosslinked membranes were then washed
several times with ethanol and dried under vacuum at 40 C to
remove the un-reacted monomers. The presence of acid chloride
was conﬁrmed by ATR-FTIR (wavenumbers,cm1), nC¼O acyl chlo-
ride 1795 cm1; nC-Cl 898 cm1 together with the characteristic co-
monomers bands of VP nC¼O lactam, amide-I 1675 cm1 and BA,
nC¼O ester 1725 cm1; nC-O (O-CH2-) ester 1161 cm1. The quanti-
tative determination of chlorine in the membrane (2.8%) was car-
ried out by TGA-MS (Table 1 and Fig. 3B and C).
In a second step, the M-Cl ﬁlmwas cut into strips (1 4 cm) and
functionalized in the solid state with the naphthalimide derivatives
synthetized in this work (Fig. 2). The procedure was as follows: theTable 1
Content of chlorine and naphthalimide derivative in the membranes and thermal prope





a Determined by TGA peak at 175 C corresponding to Cl, EI-MS m/z 36 (Mþ).
b Determined from the membrane (180 mm of thickness) by UV spectroscopy.
c Measured by DSC second heating run at a heating rate of 10 C$min1.
d Temperatures corresponding to 5% and 10% weight loss.M-Cl membrane was placed in an ace round-bottom pressure ﬂask
with 20 mL of THF. 10 mg of hydroxy-piperazine naphthalimide
derivative (4a, 5b or 6b) and 500 mL of triethylamine were added
under argon atmosphere. The mixture was heated at 55 C for 15 h.
After this reaction time, the corresponding modiﬁed membranes
M-4a, M-5b and M-6b were washed with cold ethanol and with
water thrice in order to remove the unreacted acid chloride groups
and the unreacted naphthalimide. The hydrolysis reaction of
unreacted acid chloride groups was conﬁrmed by ATR-FTIR and by
TGA-MS as the characteristic peak of acid chloride was not present
(Fig. 3C). After drying, the transparent functionalized membranes
exhibited an intense yellowegreen ﬂuorescence and the content of
naphthalimide was quantitatively determined by UVeVis spec-
troscopy (Table 1). The characteristic peaks of naphthalimide
structures in the membranes were not clearly observed in the ATR-
FTIR spectra due to their low intensity and their overlap with the
broad absorptions of the membrane functional groups.2.6. Synthesis of the naphthalimide derivatives
Compound 2a was synthesized following the procedure (Fig. 2)
described in the bibliography All the naphthalimide derivatives
were synthetized using microwave (MW) and reﬂux (RF) methods
with the same experimental conditions but differing in reaction
times and yields. The RF reactions times were larger (15 h for all the
reactions) and RF yields were lower than those obtained under MW
irradiation. The synthesis path-ways, naphthalimide structures and
reaction data are shown in Fig. 2.
To synthesize the desired piperazinyl derivative of naph-
thalimide, two bromide derivatives of naphthalimide containing 2-
hydroxyethyl (Compound 2a) and 2-methoxyethyl (Compound 2b)
groups were synthesized following the procedure described in the
bibliography [29,30]. In a second step, the bromide atom was
substituted by piperazinyl groups (Fig. 2) following a modiﬁed
method similar to that reported by Tian et al. [19].2.6.1. Synthesis of N-(2-hydroxyethyl)-4-bromo-1,8-naphthalimide
(2a)
In a pressure-resistant microwave test tube, a mixture of 4-
bromo-1,8-naphthalic anhydride (compound 1) (1.4 g, 5 mmol)
and ethanol amine (0.4 g, 5 mmol) in ethanol (15 mL) was heated
under argon at 85 C and stirred at 600 rpm for 2 h. The resulting
mixture was cooled at 5 C. The solid separated was ﬁltered and
washed with cold ethanol (3  30 mL) and after dried was identi-
ﬁed as N-hydroxyethyl-4-bromo-1,8-naphthalimide (compound
2a). Yield 90% (1.4 g). M. p.: 206 ± 2 C. 1H-NMR (dH ppm) (300MHz,
DMSO-d6, Me4Si): d 8.42 (dd, J¼ 13.9, 7.9 Hz, 2H), 8.20 (d, J¼ 7.9 Hz,
1H), 8.10 (d, J ¼ 7.8 Hz, 1H), 7.89 (t, J ¼ 7.9 Hz, 1H), 4.81 (s, 1H), 4.10
(t, J ¼ 6.4 Hz, 2H), 3.61 (t, J ¼ 5.9 Hz, 2H). 13C-NMR (dC ppm)
(100.6 MHz, DMSO-d6, Me4Si): d 162.90, 162.85, 132.41, 131.42,
131.24, 130.80, 129.61, 128.98, 128.67, 128.14, 122.70, 121.92, 57.71,
41.95. FT-IR (wavenumbers, cm1): nOH 3386 cm1; nC-H 3066 cm1rties determined by DSC and TGA.
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Fig. 3. DSC thermograms (A), TGA and DTGA curves (B) and evolved gas analysis by MS detector (C) of the M-Cl crosslinked membrane and M-5b membrane functionalized with
naphthalimide derivative 5b.
S. Fernandez-Alonso et al. / Polymer 124 (2017) 139e150 143aromatic stretch vibration nC¼O 1692,1658 cm1; nN-C¼O 1611 cm1;
nC-C 1585, 1568 cm1 aromatic ring chain vibrations. EA: theoretical
values: %C 52.52; %H 3.15; %N 4.38; experimental values: %C 52.42;
%H 3.25; %N 4.25. EI-MS m/z calculated for C14H10BrNO3 (M þ H)þ
321.0; found 321.0.2.6.2. Synthesis of N-(2-methoxyethyl)-4-bromo-1,8-
naphthalimide (2b)
Compound 2b was synthetized following the same procedure
described for compound 2a from but using 2-Methoxyethylamine
(0.38 g, 5 mmol) as a reactive amine. Yield 93% (1.55 g). M. p.:
163.57 ± 2 C. 1H-NMR (dH ppm) (300MHz, CDCl3, Me4Si): d 8.62 (d,
J ¼ 7.3 Hz, 1H), 8.52 (d, J ¼ 8.4 Hz, 1H), 8.38 (d, J ¼ 7.9 Hz, 1H), 8.00
(d, J ¼ 7.9 Hz, 1H), 7.85e7.77 (m, 1H), 4.42 (t, J ¼ 5.8 Hz, 2H), 3.72 (t,
J ¼ 5.8 Hz, 2H), 3.37 (s, 3H). 13C-NMR (dC ppm) (100.6 MHz, CDCl3,
Me4Si): d 163.80, 163.78, 133.38, 132.26, 131.43, 131.18, 130.68,
130.40, 129.12, 128.16, 123.09, 122.23, 69.68, 58.92, 39.50. FT-IR
(wavenumbers, cm1): nC-H 3065 cm1 aromatic stretch vibra-
tion; nO-CH3 2824,2832 cm1; nC¼O 1698, 1655 cm1; nN-C¼O
1613 cm1; nC-C 1589,1570 cm1 aromatic ring chain vibrations. EA:
theoretical values: %C 53.91; %H 3.62; % N 4.19; experimental values
% C 53.82; % H 3.65; % N 4.22. EI-MSm/z calculated for C15H12BrNO3
(M þ H)þ 335.0; found 335.0.
Synthesis of compounds 2a and 2b were also carried out in an
ace round-bottom pressure ﬂask and conventional heating during
15 h yielded 75 and 80% respectively.2.6.3. Synthesis of N-(2-hydroxyethyl)-4-(piperazine-1-yl)-1,8-
naphthalimide (3a)
In a pressure-resistant microwave test tube, compound 2a
(0.20 g, 0.625 mmol) and piperazine (0.16 g, 1.875 mmol) were
mixed in 2-methoxyethanol (5 mL) and heated at 130 C in argon
atmosphere under constant stirring (600 rpm) for 1 h. The mixture
was poured into cooled ice/water at 5 C and the residue was
ﬁltered and washed with hot ethanol (30 mL). The solution was
ﬁltered and the solvent removed under reduced pressure in order
to obtain the yellow solid compound. M. p.: 219.23 ± 2 C. MW-
yield: 84%. RF method for compound 3a yielded a 64% after 15 h
of reaction time. 1H NMR (300MHz, DMSO-d6) d 8.48e8.41 (m, 2H),
8.38 (d, J¼ 8.1 Hz,1H), 7.79 (t, J¼ 7.8 Hz,1H), 7.30 (d, J¼ 8.2 Hz,1H),
4.78 (s, 1H), 4.13 (t, J ¼ 6.4 Hz, 2H), 3.60 (s, 2H), 3.13 (s, 4H), 3.00 (s,
4H). 13C NMR (75 MHz, DMSO) d 163.65, 163.11, 156.20, 132.14,
130.48, 129.15, 125.78, 125.22, 122.59, 115.33, 114.79, 57.86, 54.10,
45.67, 41.60. FT-IR (wavenumbers, cm1): nNH 3248 cm1; nC-H
3066 cm1 aromatic stretch vibration; nC¼O 1685, 1642 cm1; nN-
C¼O 1613 cm1; nC-C 1586, 1571 cm1 aromatic ring chain vibra-
tions; nNH 1514 cm1 ﬂexion. EA: theoretical values: %C 66.45; %H
5.89; %N 12.91; experimental values: %C 66.55; %H 5.93; %N 12.96.EI-MS m/z calculated for C18H19N3O3: (M þ H)þ 326.1, found. 326.0
(Mþ).
2.6.4. Synthesis of N-(2-hydroxyethyl)-4-(4-methylpiperazine-1-
yl)-1,8-naphthalimide (4a)
The synthesis of compound 4a was similar to the preparation
procedure of the compound 3a but using 1-methylpiperazine
(208 mL, 1.875 mmol) as a reactive amine. The MW yield was 85%
after 1 h and RF yield 67% after 15 h. Compound 4a was puriﬁed by
silica gel column chromatography using dichlor-
omethane:methanol (20:1) as an eluent to obtain a yellow solid. M.
p.: 188.43 ± 2 C. Yield: 85%. 1H NMR (300 MHz, DMSO-d6) d 8.43
(dd, J ¼ 11.9, 8.1 Hz, 2H), 8.37 (d, J ¼ 8.2 Hz, 1H), 7.79 (t, J ¼ 7.8 Hz,
1H), 7.31 (d, J¼ 8.1 Hz, 1H), 4.81 (t, J¼ 5.7 Hz, 1H), 4.12 (t, J¼ 6.4 Hz,
2H), 3.59 (d, J¼ 6.2 Hz, 2H), 3.22 (s, 4H), 2.63 (s, 4H), 2.30 (s, 3H)$13C
NMR (75 MHz, DMSO) d 163.61, 163.07, 155.51, 132.04, 130.48,
130.31, 129.08, 125.87, 125.20, 122.59, 115.56, 114.93, 57.85, 54.63,
52.50, 45.74, 41.60. FT-IR (wavenumbers, cm1): nOH 3435 cm1; nC-
H 3060 cm1 aromatic stretch vibration; nC¼O 1692, 1635 cm1; nN-
C¼O 1612 cm1; nC-C 1585 cm1 aromatic ring chain vibrations.
Elemental analysis, theoretical value %C 67.24; %H 6.24; %N 12.38;
calculate %C 67.15; %H 6.15; %N 12.29. EI-MS m/z calculated for
C19H21N3O3: (M þ H)þ 340.2, found. 340.3 (Mþ).
2.6.5. Synthesis of N-(2-hydroxyethyl)-4-(4-(2-hydroxyethyl)-
piperazine-1-yl)-1,8-naphthalimide (5a)
The synthesis of compound 5a was similar to the preparation
procedure of the compound 3a but using 1-(2-Hydroxyethyl)
piperazine (230 mL, 1.875 mmol) as a reactive amine. Compound 5a
was puriﬁed by silica gel column chromatography using dichlor-
omethane:methanol (20:1) as an eluent to obtain an yellow solid.
M. p.: 178.36 ± 2 C. The MW yield was 88% after 1 h and RF yield
68% after 15 h. 1H NMR (300 MHz, DMSO-d6) d 8.49e8.41 (m, 2H),
8.39 (d, J ¼ 8.1 Hz, 1H), 7.84e7.76 (m, 1H), 7.33 (d, J ¼ 8.1 Hz, 1H),
4.81 (t, J¼ 5.9 Hz, 1H), 4.49 (t, J¼ 5.3 Hz, 1H), 4.13 (t, J¼ 6.5 Hz, 2H),
3.65e3.51 (m, 6H), 3.23 (s, 4H), 2.74 (s, 4H). 13C NMR (75 MHz,
DMSO) d 163.94, 163.41, 155.88, 132.38, 130.82, 130.67, 129.42,
126.19, 125.51, 122.92, 115.85, 115.17, 60.57, 58.95, 58.19, 53.50,
53.00, 41.94. FT-IR (wavenumbers, cm1): nOH 3260, 3146 cm1; nC-
H 3052 cm1 aromatic stretch vibration; nC¼O 1695, 1644 cm1; nN-
C¼O 1613 cm1; nC-C 1589,1576 cm1 aromatic ring chain vibrations.
EA: theoretical values %C 65.03; %H 6.28; %N 11.37; experimental
values: %C 65.00; %H 6.25; %N 11.31. EI-MS m/z calculated for
C20H23N3O4: (M þ H)þ 370.17, found 370.2 (Mþ).
2.6.6. Synthesis of N-(2-hydroxyethyl)-4-(4-[2-(2-hydroxyethoxy)
ethyl]-piperazine-1-yl)-1,8-naphthalimide (6a)
The synthesis of compound 6a was similar to the preparation
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ethyl]piperazine (308 mL, 1.875 mmol) as a reactive amine. After
completion of the reaction, the solvent was evaporated under
reduced pressure and the crude product was then diluted in 50 mL
of water. The precipitated product was then ﬁltered off. The
aqueous part was extracted with dichloromethane (3  30 mL) and
the organic layer was dried over K2CO3. The solvent was evaporated
under reduced pressure to obtain a yellow solid. M. p.: 170.20± 2 C.
For compound 6a the MW yield was 85% after 1 h and RF yield 70%
after 24 h. 1H NMR (300 MHz, DMSO-d6) d 8.47e8.39 (m, 2H), 8.37
(d, J¼ 8.1 Hz,1H), 7.79 (t, J¼ 7.9 Hz,1H), 7.31 (d, J¼ 8.2 Hz,1H), 4.79
(t, J ¼ 5.8 Hz, 1H), 4.63 (t, J ¼ 5.0 Hz, 1H), 4.13 (t, J ¼ 6.5 Hz, 2H),
3.62e3.54 (m, 4H), 3.54e3.48 (m, 2H), 3.45 (d, J ¼ 4.6 Hz, 2H), 3.22
(s, 4H), 2.75 (s, 4H), 2.65e2.58 (m, 2H)$13C NMR (75 MHz, DMSO)
d 163.63, 163.09, 155.52, 132.07, 130.51, 130.35, 129.08, 125.88,
125.18,122.58,115.53,114.88, 72.29, 68.31, 60.32, 57.88, 57.28, 53.15,
52.64, 41.62. FT-IR (wavenumbers, cm1): nOH 3374 cm1; nC-H
3066 cm1 aromatic stretch vibration; nC¼O 1690, 1650 cm1; nN-
C¼O 1616 cm1; nC-C 1588 cm1 aromatic ring chain vibrations. EA:
theoretical values %C 63.91; %H 6.58; %N 10.16; experimental
values: %C 63.97; %H 6.62; %N 9.60. EI-MS m/z calculated for
C22H27N3O5: (M þ H)þ 414.20, found 414.2 (Mþ).2.6.7. Synthesis of N-(2-methoxyethyl)-4-(piperazine-1-yl)-1,8-
naphthalimide (3b)
Compound 2b (0.20 g, 0.598 mmol) and piperazine (0.155 g,
1.794 mmol) were mixed in 2-methoxyethanol (5 mL) and heated
under MW radiation at 130 C in an argon atmosphere under
constant stirring (600 rpm) for 1 h. After completion of the reaction,
the solvent was evaporated under reduced pressure and the crude
was washed with water and ﬁltered to obtain the compound as a
yellow solid. M. p.: 145.60 ± 2 The MW yield was 84% after 1 h and
by conventional heating, RF yield 69% after 15 h. 1H NMR (300MHz,
DMSO-d6) d 8.48e8.41 (m, 2H), 8.40 (s, 1H), 7.83e7.75 (m, 1H), 7.30
(d, J¼ 8.1 Hz,1H), 4.23 (t, J¼ 6.1 Hz, 2H), 3.57 (t, J¼ 6.1 Hz, 2H), 3.26
(s, 3H), 3.15 (s, 4H), 3.00 (s, 4H). 13C NMR (75 MHz, DMSO) d 163.50,
162.94, 156.29, 132.25, 130.58, 129.09, 125.75, 125.17, 122.33, 115.00,
114.77, 68.67, 57.94, 54.08, 45.66, 38.33. FT-IR (wavenumbers,
cm1): nNH 3248 cm1; nC-H 3069 cm1 aromatic stretch vibration;
nO-CH3 2828, 2808 cm1 nC¼O 1690, 1650 cm1; nN-C¼O 1613 cm1;
nC-C 1588, 1572 cm1 aromatic ring chain vibrations; nNH 1514 cm1
ﬂexion. EA: theoretical values %C 67.24; %H 6.24; %N 12.38;
experimental values: %C 67.20; %H 6.18; %N 12.31. EI-MS m/z
calculated for C19H21N3O3: (M þ H)þ 340.1, found. 340.0 (Mþ).2.6.8. Synthesis of N-(2-methoxyethyl)-4-(4-methylpiperazine-1-
yl)-1,8-naphthalimide (4b)
Compound 4b was synthetized by mixing compound 2b (0.2 g,
0.598 mmol), 1-methylpiperazine (200 mL, 1.7964 mmol) in 5 mL of
2-methoxyethanol and following the same procedure as for com-
pound 3b. M. p.: 139.44 ± 2 C. The MW yield was 83% after 1 h and
by conventional heating, RF yield 73% after 15 h. 1H NMR (300MHz,
DMSO-d6) d 8.42 (dd, J ¼ 12.3, 8.0 Hz, 2H), 8.36 (d, J ¼ 8.1 Hz, 1H),
7.83e7.73 (m, 1H), 7.31 (d, J ¼ 8.2 Hz, 1H), 4.22 (t, J ¼ 6.1 Hz, 2H),
3.57 (t, J ¼ 6.1 Hz, 2H), 3.25 (s, 3H), 3.22 (s, 4H), 2.63 (s, 4H), 2.30 (s,
3H). 13C NMR (75 MHz, DMSO) d 163.51, 162.97, 155.66, 132.21,
130.64, 130.51, 129.08, 125.93, 125.21, 122.40, 115.29, 114.99, 68.67,
57.94, 52.49, 45.73, 38.36. FT-IR (wavenumbers, cm1): nC-H
3067 cm1 aromatic stretch vibration; nC¼O 1695, 1650 cm1; nN-
C¼O 1613 cm1; nC-C 1586,1574 cm1 aromatic ring chain vibrations.
EA: theoretical values %C 67.97; %H 6.56; %N 11.89; experimental
values %C 67.87; %H 6.56; %N 11.80. EI-MS m/z calculated for
C20H23N3O3: (M þ H)þ 354.17, found 354.2 (Mþ).2.6.9. Synthesis of N-(2-methoxyethyl)-4-(4-(2-hydroxyethyl)-
piperazine-1-yl)-1,8-naphthalimide (5b)
The synthesis of compound 5b was similar the preparation
procedure of the compound 3b but using 1-(2-Hydroxyethyl)
piperazine (220 mL, 1.796 mmol) as a reactive amine. Compound 5b
was puriﬁed by silica gel column chromatography using dichlor-
omethane:methanol (20:1) as an eluent to obtain an yellow solid.
M. p.: 124.17 ± 2 C. Yield: 84%.1H NMR (300 MHz, Chloroform-d)
d 8.57 (d, J ¼ 7.2 Hz, 1H), 8.50 (d, J ¼ 8.0 Hz, 1H), 8.39 (d, J ¼ 8.4 Hz,
1H), 7.67 (t, J¼ 7.8 Hz, 1H), 7.20 (d, J¼ 8.0 Hz, 1H), 4.41 (t, J¼ 5.6 Hz,
2H), 3.71 (t, J ¼ 5.3 Hz, 4H), 3.36 (s, 3H), 3.30 (s, 4H), 2.84 (s, 4H),
2.75e2.65 (m, 2H). 13C NMR (75 MHz, CDCl3) d 164.94, 164.45,
156.25, 133.07, 131.63, 130.66, 130.32, 126.53, 126.05, 123.55, 117.09,
115.33, 70.09, 59.83, 59.18, 58.31, 53.48, 53.41, 39.49. FT-IR (wave-
numbers, cm1): nOH 3140 cm1; nC-H 3052 cm1 aromatic stretch
vibration; nC¼O 1696, 1645 cm1; nN-C¼O 1613 cm1; nC-C 1589,
1576 cm1 aromatic ring chain vibrations. Elemental analysis,
theoretical value %C 65.78; %H 6.57; %N 10.96; calculate %C 65.87; %
H 6.68; %N 11.04. EI-MS: m/z calculated for C21H25N3O4 (M þ H)þ
384.18; found 384.2 (Mþ).
2.6.10. Synthesis of N-(2-methoxyethyl)-4-(4-[2-(2-
Hydroxyethoxy)ethyl]-piperazine-1-yl)-1,8-naphthalimide (6b)
Compound 2b (0.2 g, 0.5988mmol), 2-[2-(1-Piperazinyl)ethoxy]
ethanol (295 mL, 1.7964 mmol) was mixed in 5 mL of 2-
methoxyethanol and heated at 130 C in argon atmosphere. The
mixture was stirred at 600 rpm for 1 h. After completion of the
reaction, the solvent was evaporated under reduced pressure and
the crude product was then diluted in 50 mL of water. The
precipitated product was then ﬁltered off. The aqueous part was
extracted with dichloromethane (3  30 mL) and the organic layer
was dried over K2CO3. The solvent was evaporated under reduced
pressure to obtain a yellow solid. M. p.: 219.73 ± 2 C. TheMWyield
was 85% after 1 h and by conventional heating, RF yield 69% after
24 h 1H NMR (300 MHz, DMSO-d6) d 8.43 (dd, J ¼ 11.0, 8.0 Hz, 2H),
8.37 (d, J ¼ 8.1 Hz, 1H), 7.82e7.75 (m, 1H), 7.31 (d, J ¼ 8.2 Hz, 1H),
4.64 (s, 1H), 4.22 (t, J ¼ 6.1 Hz, 2H), 3.58 (q, J ¼ 6.0 Hz, 4H),
3.53e3.48 (m, 2H), 3.45 (d, J ¼ 4.7 Hz, 2H), 3.25 (s, 3H), 3.22 (s, 4H),
2.75 (s, 4H), 2.62 (t, J ¼ 5.8 Hz, 2H)$13C NMR (75 MHz, DMSO)
d 163.54, 162.99, 155.68, 132.24, 130.67, 130.55, 129.08, 125.94,
125.20, 122.39, 115.27, 114.94, 72.28, 68.70, 68.31, 60.30, 57.97,
57.26, 53.13, 52.64, 38.39. FT-IR (wavenumbers, cm1): nO-H
3356 cm1; nC-H 3065 cm1 aromatic stretch vibration; nC¼O 1687,
1648 cm1; nN-C¼O 1613 cm1; nC-C 1585 cm1 aromatic ring chain
vibrations. EA: theoretical value %C 64.62; %H 6.84; %N 9.83;
experimental values %C 64.60; %H 6.93; %N 9.76. EI-MS: m/z
calculated for C23H29N3O5 (M þ H)þ 428.2; found 428.3 (Mþ).
2.7. pH measurements
Measurements of pH were obtained with a Mettler Toledo
SevenGo Duo Pro meter with an InLab Expert Pro ISM-ID67 elec-
trode at room temperature (23 C) and previously calibrated with
standard buffers. The sensing measurements determined from the
solutions of naphthalimide derivatives and functionalized mem-
branes were performed using HCl and NaOH solutions for pH
variation in the mixture water:ethanol (4:1) as solvent.
The acid titration by UV/Vis and ﬂuorescence in aqueous solu-
tion was performed as follows. The titration in solution with
naphthalimide derivatives (water:ethanol 4:1, naphthalimide con-
centration 104 M and pH ¼ 12.0 ﬁxed by addition of NaOH solu-
tion) was carried out by increasing the acidity from pH 12.0 to pH
2.0 by adding aliquots of the diluted hydrochloric acid. After each
addition, the pH was measured after the solutions were allowed to
equilibrate for 10 min and the UV/Vis and ﬂuorescence spectra
Table 2
Swelling degree (SD) in water and THF, advancing contact angle (CA) and total (g),
polar (gp), and disperse (gd) surface energy data for the crosslinked membranes.
Membrane SD (%)a Static CA () Surface Energy
(mN.m-1)b
Water THF Water Diiodomethane g gp gd
M-Cl 29.8 45.4 59.9 41.6 51.64 13.48 38.16
M-4a 29.9 61.2 69.6 42 45.43 9.25 36.18
M-5b 30.4 62.0 71.7 38.6 45.75 6.56 39.19
M-6b 29.9 63.5 71 46.1 46.22 6.88 39.34
a ±0.3.
b Calculated using Owens-Wendt's method.
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In the case of functionalized crosslinked membranes, ﬁlms were
cut into strips of 1  4 cm and ﬁxed in a homemade support that
can also be slotted into the cell holder of the spectrophotometers.
To study the effect of the pH in the spectroscopic properties of the
membranes, ﬁlm strips were immersed in previously prepared vials
(50 mL) containing solutions from pH 12.0 to pH 2.0. The UV/Vis
and ﬂuorescence spectra for each pH were taken after 20 min of
conditioning time.
3. Results and discussion
3.1. Synthesis of naphthalimide derivatives
The synthesis route [3,4] to obtain N-hydroxy alkyl piperazine
naphthalimides is presented in Fig. 2. In the ﬁrst step, the
condensation of 4-bromo-1,8-naphthalic anhydride with 2-
hydroxyethylamine (series a) or 2-methoxyethylamine (series b)
under microwave irradiation in ethanol at 85 C afforded 2a and 2b
respectively in high yield at a shorter reaction time than conven-
tional conditions.
In the second reaction step (Fig. 2), compounds 2a and 2b
reactedwith 3 equiv. of each piperazine derivative as detailed in the
experimental description (section 2.6.) to obtain the piperazine-
naphthalimides derivatives shown in Fig. 2. Hence, we have pre-
pared piperazine substituted derivatives with hydrogen andmethyl
groups [19] as substituents on the amine groups (structures 3 and 4
respectively), but also with bigger substituents (structures 5 and 6)
in order to study comparatively their PET processes and their
protonation in acid media.
The best synthesis conditions were noted under MW irradiation
for 1 h at 850W and a ceiling temperature of 130 C in 2-
methoxyethanol. In contrast, the best conditions for the synthesis
carried out under reﬂux by conventional heating required reaction
times of 15 h and 24 h for compounds 6a and 6b when 2-[2-(1-
Piperazinyl)ethoxy]ethanol was used as reactive amine.
In all the cases, MW irradiation allowed higher yields at shorter
reaction times than the conventional RF method. These results are
in agreement with those reported in the literature [19,24].
3.2. Membrane preparation, functionalization with piperazine
naphthalimides sensors and characterization
The membrane prepared containing acid chloride functional-
ities (M-Cl) as a base material for further functionalization was
obtained by bulk photopolymerization of a mixture of monomers
combining the hydrophilic character of VP (55%) with the hydro-
phobic nature of BA (35%) and adding MACl (10%) as the reactive
monomer for functionalization. A 5% of EGDMMA as the cross-
linking agent of the mixture controlled the crosslinking degree of
the ﬁnal membrane. This produced a reversible water-swollen
membrane (Fig. 1). After the bulk photopolymerization, all the ex-
periments reached >98% of conversion (determined by weight
differences), and the resulting crosslinked acrylic membrane con-
tained 2.8% of chlorine in the structure (Fig. 3B).
In a second step, the M-Cl membrane was functionalized with
the three naphthalimide derivatives from the series synthetized in
this work (Fig. 1) that contained mono hydroxy alkyl piperazine,
derivatives 4a, 5b and 6b. This functionalization was accomplished
successfully by conventional heating in THF at 55 C for 15 h under
very low stirring speed. This selected reaction temperature is 10 C
below the THF boiling point to be sure there isn't any damage of the
membrane in the heterogeneous reaction, such as breaks, wrinkles
and warps that could decrease the optical quality of the membrane.
Under these experimental conditions, the Schotten-Baumannreaction used to graft the naphthalimide derivatives to the M-Cl
membrane proceeded very slowly. This allowed a good control in
homogeneity of functionalization without physically damaging the
membrane. The unreacted acid chloride group disappeared after
hydrolysis when the membranes were washed as shown in Fig. 3C.
The amount of naphthalimide grafted to the membranes (Table 1)
was determined from the UV-Vis absorbance using the absorption
coefﬁcient of each derivative (Table 3) previously calculated in
water-ethanol (4:1, v/v).
After 15 h of reaction time the content of the naphthalimide
derivative in the membrane was very low (Table 1) but the con-
centration is adequate for sensing applications by UV-vis and
ﬂuorescence spectroscopies.
The good physical characteristics of the functionalized mem-
branes are similar than those observed by other authors [25] with
copolymers of VP/BA. All DSC thermograms of the membranes
revealed the presence of a single glass transition temperature for all
the membranes conﬁrming copolymer miscibility. The character-
istic Tg values for the membranes are shown in Table 1 and the DSC
thermograms (second scan) obtained for M-Cl and M-5b samples
are plotted in Fig. 3A. The observed step for M-Cl appeared at a
similar temperature (46.9 C) than the corresponding steps for the
functionalized membranes (Table 1) due to the low content of C-Cl
dipoles present in the M-Cl membrane.
The thermal stability of the membranes was evaluated using
TGA and Table 1 shows the thermal data, in terms of characteristic
weight loss (T5 and T10 respectively).
Fig. 3B shows the TGA thermograms obtained for the M-Cl and
M-5b membranes and their corresponding ﬁrst derivative curves.
The M-Cl membrane exhibits a weight loss of 2.8% that was iden-
tiﬁed by MS analysis of evolved gas at 175 C as chlorine (EI-MS m/
z: 36 (Cl)), as it is shown in Fig. 3C. After functionalization, the
chlorineweight was not observed conﬁrming the total hydrolysis of
unreacted acid chloride. For all functionalized membranes two
peaks were observed, as it is shown for M-5b in Fig. 3B. The highest
weight loss rate that was observed at 410 C corresponds to the
degradation of acrylic components of the membrane and the sec-
ond one observed at 431 C has been attributed [7] to the lactam
subgroup degradation.
The swelling properties of the membranes were examined by
measuring the swelling (%) after immersion in water and THF and
are detailed in Table 2.
The SD inwater (approx. 30%) and in THF (approx. 60%) conﬁrms
the hydrophilic character of the membranes and the adequate
swelling for solid sensors in water and organic media. Also, the
hydrophilicity of the membrane surfaces was characterized by
static contact angle determination. The measured CAs were then
used to calculate the polar, disperse, and total surface energies of
the membranes. The change in the total surface energy (g) and its
polar (gp) and dispersive (gd) components of the M-Cl and func-
tionalized membranes with naphthalimides (M-4a, M-5b and M-
Table 3
Various parameters for piperazine-1,8-naphthalimide derivatives (a and b structures) in solutiona and bonded to the polymer membrane (M) determined according to pH
dependence by UVeVis absorption and ﬂuorescence spectroscopy.
Parameter 3a 4a 5a 6a 3b 4b 5b 6b M-4a M-5b M-6b
lABS-acid 389 388 388 388 389 389 389 388 388 388 390
Log εacidb 4.07 4.06 4.05 4.06 4.06 4.06 4.056 4.06 e e e
lIsobestic 403 402 402 402 404 402 402 402 403 402 402
lABS-base 413 408 408 408 410 409 409 409 407 408 408
Log εbaseb 4.04 4.02 4.01 4.02 4.01 4.02 4.02 4.02 e e e
pKac 8.24 7.37 6.99 6.65 8.62 7.30 6.82 6.71 7.62 7.25 6.40
lFLU-acid 533 529 530 530 531 529 530 529 502 503 503
fFLU-acid
d 0.097 0.330 0.184 0.238 0.084 0.274 0.170 0.197 e e e
fFLU H¼7
d 0.093 0.304 0.101 0.099 0.079 0.249 0.095 0.091 e e e
fFLU ethanol
d 0.017 0.025 0.022 0.026 0.026 0.020 0.017 0.024 water:ethanol (4:1, v/v)
<< Ethanol <<< hexanefFLU hexaned 0.203 0.389 0.285 0.293 0.213 0.365 0.270 0.275
lFLU-base 543 548 550 550 532 532 554 545 505 506 504
fFLU-base
d 0.010 0.013 0.010 0.009 0.005 0.010 0.009 0.007 e e e
pKa*c 7.1 6.93 6.95 6.4 7.15 7.11 7.04 6.48 7.15 6.71 6.5
Dne 6329 6258 6070 6061 6293 6123 6070 5998 5515 5618 5539
FEf 8.5 25.3 19.1 22.0 18.1 17.9 22.0 27.1 12.3 8.0 9.5
a Measured at 104 M in water-ethanol (4:1, v/v) unless speciﬁcally stated otherwise. The subscripts “acid” and “base” refer to the limiting value of a given parameter when
the acid or base condition is increased until pH ¼ 2.0 or pH ¼ 12.0 respectively. Fluorescence emission spectra were obtained by excitation at lIsobestic.
b
ε, molar absorptivity in M1cm1.
c Obtained [31] by analyzing the pH dependence of the absorbance (A) or emission intensity (I) at a given wavelength according to the equation log [(Aacid  A)/
(A  Abase)] ¼ pH  pKa or log [(IFLU-acidI)/(IIFLU-base)] ¼ pH-pKa*.
d Relatively to coumarin 6 (fF ¼ 0.78 in ethanol), uncertainty ¼ 0.001 or 10%, whichever is the larger.
e Stokes shift (nFLU-nABS) in frequency (cm1).
f Acid-induced ﬂuorescence enhancement factor FE ¼ AFLU-acid/AFLU-.base.
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The variation in the values of the total, polar, and disperse solid
surface energies before (M-Cl) and after functionalization (M-4a,
M-5b and M-6b), shows that the total surface energy of the func-
tionalized membranes decreases from 51.64 mN m1 for M-Cl to
45e46 mN m1 for the membranes containing naphthalimide
moieties and, particularly for the polar component.
The functionalized membranes with piperazine-naphthalimide
groups were easily handled materials and exhibited convenient
properties for solid sensor applications, such as swelling in water,
thermal stability, ﬂexibility, optical transparency and dimensional
stability to be reused. The obtained three-dimensional cross-linked
hydrophilic polymer networks are capable of swelling or de-
swelling reversibly in water and retaining a controlled and repro-
ducible volume of liquid in the swollen state. This behaviour, as will
be seen in the next section, allowed controllable responses to
external environmental changes of pH.3.3. Effect of pH on the absorption and ﬂuorescence properties of
piperazine naphthalimides derivatives and membranes
Piperazine substituted naphthalimides such as the structures
synthetized in this work (Fig. 2) exhibit interesting ﬂuorescence
properties, hence 4-amino-1,8-naphthalimide ﬂuorophore can be
quenched by the PET process that occurs from the alkylated amine
donor to the 4-amino-1,8-naphthalimide ﬂuorophore through the
piperazinyl ring. The ﬂuorescence of the 4-amino-1,8-
naphthalimide ﬂuorophore is quenched. The PET path can be
switched off either by the protonation or quaternization of the
amine and the ﬂuorescence of the naphthalimide ﬂuorophore is
then recovered as is shown for the derivative 4a anchored to the
membranes in Fig. 4.
The effect of pH variation on the absorbance and ﬂuorescence
properties of these derivatives is illustrated in Fig. 5 for the naph-
thalimide derivative 4a in solution and the corresponding mem-
brane M-4a under the same conditions.
All the absorption spectra of the naphthalimide derivatives and
membranes exhibit (as solution or as 180 mm-membrane) similarband shapes in the absorption range of 350e500 nm. As it is shown
in Fig. 5, for the compound 4a and membrane M-4a, their absorp-
tion peaks were red-shifted from 388 to 408 nm with a clear iso-
sbestic point at 402 nm when pH values were changed from 2.0 to
12.0 in water:ethanol (4:1) by adjusting pH values with NaOH and
HCl aqueous solutions. As expected, the ﬂuorescence intensities
originating from 4a and M-4a ﬂuorophores were varied upon
different pH values (Fig. 5), resulting in a strong enhancement in
acid media due to the protonation of the piperazine and its sub-
sequent PET blocking effect (Fig. 4). In the case of compound 4a the
factor of enhancement (FE) was about 25 times in ﬂuorescence
intensity when adjusting the pH from 12.0 to 2.0 (Table 3). More-
over, the wavelength emission maxima were red-shifted by around
20 nm (Table 3) by changing the pH values from 2.0 to 12.0 for all
the naphthalimide derivatives in solution except for naphthalimide
3b and 4b that do not have hydroxyl substituents in their structures
and the red-shift for them was about 2e3 nm. For the naph-
thalimide ﬂuorophores bonded to the membranes though the hy-
droxyl groups, the bathochromic shift of the ﬂuorescence maxima
with pH was also 2e3 nm.
All the spectral data measured as a function of pH values for the
naphthalimide derivatives and the three functionalized mem-
branes are summarized in Table 3.
The quantum yields of ﬂuorescence in acid media (Table 3) for
the hydroxy alkyl substituted piperazine naphthalimides de-
rivatives (fFLU-acid ¼ 0.33e0.084) are lower than that of the non-
hydroxylated derivative N-butyl-4-N0-methylpiperazino-1,8-
naphthalimide (fFLU-acid ¼ 0.55) [22]. Also, the quantum yields of
ﬂuorescence in basic media (Table 3) are higher (fFLU-
base ¼ 0.005e0.010) than that measured for N-butyl-4-N0-methyl-
piperazino-1,8-naphthalimide (fFLU-base ¼ 0.001) [22]. The quan-
tum yield of ﬂuorescence for the membranes couldn't be calculated
due to the difference in geometry between the ﬂuorescence stan-
dard in solution and the membranes. The factor of ﬂuorescence
enhancement for the membranes in acid media was calculated
(Table 3) by comparing the increase of intensities from basic to acid
media and the enhancement was around 8e12 times. This
enhancement in acid media (FE ¼ 8e12.3) is higher than that
Fig. 4. Fluorescence response of piperazine-naphthalimide structure to pH though PET mechanism.
Fig. 5. Spectroscopic characteristics as a function of pH (2.0e12.0) of absorption and ﬂuorescence of naphthalimide derivative 4a and M-4a membrane.
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reported with a membrane obtained by copolymerization of N-
allyl-4-(40-methyl-piperazinyl)-1,8-naphthalimide with 2-
hydroxyethyl methacrylate and acrylamide.
The presence of hydroxyl groups in the naphthalimide de-
rivatives studied here and the ester functionality as a linking group
of the naphthalimides in the membranes reduced the factor of
enhancement of ﬂuorescence in acid media with respect to that for
other similar structures having only N-alkyl substituents [21,22].
Even though FE values obtained with the membranes conﬁrm their
interesting proton “offeon” switch behaviour as an optical pH solid
sensor.The pKa values of naphthalimide derivatives and the function-
alized membranes were calculated [31] from the curves of ab-
sorption changes in the presence of increasing acidity (from
pH ¼ 12.0 to 2.0) and the obtained values are compiled in Table 3.
The smaller substituents on the amine groups (structures 3 with
hydrogen or 4 with methyl as substituents) enabled a higher pKa as
they are more easily protonated than the bigger substituents
(structures 5 and 6). The pKa values obtained for the functionalized
membranes are close to those values measured for the corre-
sponding piperazine derivatives (Table 3) conﬁrming a similar
sensitivity to acid media. The pKa of the functionalized membranes
is close to the pH of 7.0 which makes it adequate for sensors in
S. Fernandez-Alonso et al. / Polymer 124 (2017) 139e150148biological and environmental applications [19].
The ﬂuorescence response of the piperazine derivatives and the
functionalized membranes at different pH was compared and the
results are plotted in Fig. 6.
All the synthesized naphthalimides (Fig. 6A) exhibited a sensi-
tive ﬂuorescence change towards pH but with different intervals
and slopes of changes depending of the size of the amino sub-
stituents. For the functionalized membranes (Fig. 6B) the ﬂuores-
cence intensity increased as the pH values decreased from 9.0 to 5.0
for M-4a and from 8.5 to 4.0 for the membranes obtained by linking
the naphthalimides to the substituent of the piperazine structure,
M-5b andM-6b. In the acidic pH range, especially for pH lower than
4.0, the ﬂuorescence intensity attained its maximum and kept
unchanged as well as in the basic pH range up to 9.0 where the
ﬂuorescence intensity reached its minimum. The pKa* values
(Table 3) for the excited state do not differ strongly from the cor-
responding pKa for the ground state except for the structures 3a
and 3b where the substituent of the piperazine is a hydrogen. For
the rest of the structures and membranes the position of the in-
ﬂection points in the ﬂuorometric titration is similar to those ob-
tained from the absorbance changes with pH.
The ﬂuorescence quantum yields of the naphthalimides de-
rivatives studied here are relatively low in polar solvents (water,
ethanol) in comparison to those values obtained in non-polar sol-
vents such us hexane (Table 3). This fact is probably due to the
photo-induced electron transfer from the piperazine to the ﬂuo-
rophore and the fact that in polar solvents the orbit energy of
HOMO becomes lower facilitating the PET process. The polarity
effect on the photophysical properties of the naphthalimide de-
rivatives was studied by measuring their absorption and ﬂuores-
cence spectra in solvents of increasing solvent polarity parameter
ET (30). All the naphthalimide derivatives exhibited similar sol-
vathochromic UV-Vis and emission spectra. As an illustrative
example in Fig. 7, the values of absorption and emissionmaxima are
plotted for different solvents.
The maximum wavelengths of the absorption and ﬂuorescence
emissions are slightly red shifted with increasing solvent polarity
except for the H-bonding solvents in the case of naphthalimide 5b.
This is due to the presence of hydroxyl groups in the structure that
provoke speciﬁc solute-solvent interaction. In general, the ab-
sorption maxima are less sensitive to the inﬂuence of solvent po-
larity than the ﬂuorescence maximum. In the membranes, as
shown in Fig. 6 for M-5b, the low bathochromic shifts in the ﬂuo-
rescence maximum with an increase of solvent polarity are
consistent with small differences between the dipole moments of
the ground and excited states.Fig. 6. Comparison of the ﬂuorescence intensity changes (I/Io) with pH (2.0e12.0) for the p
(B). (I0 and I are the ﬂuorescence intensities of initial (pH ¼ 12.0) and that after acidiﬁcatio3.4. Response time to pH of the functionalized membranes
The reversibility of the pH induced ﬂuorescence signal was
evaluated by determining the absorbance and ﬂuorescence of the
membranes by alterning their immersion in solutions of pH 2.0 and
pH 12.0. Several cycles of successfull enhancement/quenching of
ﬂuorescence were carried out with each membrane without loss of
ﬂuorescent emission. The protonation of the aliphatic amine group
involved seems quite reversible and no noticeable hysteresis effect
was observed in the solid sensors.
The pH response of the membranes is dependent upon the
proton permeability into the photocrosslinked material. Hence, the
response time of the absorption and ﬂuorescence spectra of the
functionalized membranes was studied and the obtained results
are plotted in Fig. 8.
The pH response of the membranes is dependent upon the
proton permeability into the crosslinked matrix and the three
membranes exhibited a high sensitivity to pH in water. The
absorbance and ﬂuorescence of the membranes to acidic media
(Fig. 8A and D respectively) reached the equilibrium in less than
15 min. The sensitivity to the basic medium of the membranes
(Fig. 8B and E) is lower than that observed in acid media showing a
slow response of around 20 min. Hence, the protonation process of
the aliphatic piperazine group involved seems to be slower than the
deprotonation process.
The time response of the membrane M-4a is shorter that those
of the membrane b type. In the membraneM-4a the naphthalimide
sensing functionality is linked to the polymer matrix through the
imide group and the piperazine group is far from the polymer main
chain. Hence, the interaction of the amino group of the piperazine
with a proton is much easier than those of M-5b and M-6b where
the piperazine is closer to the polymer main chain that can impair
the mobility and hence the interactions of the sensing moiety.
The sensitivity of the solid sensor is directly related to the
thickness of the pH sensitive membrane. To see the inﬂuence of the
membrane thickness in the time response to the pH of the sensor,
we prepared a membrane under the same experimental conditions
but with 90 mm of thickness that was also an easily handled ma-
terial and with good physical properties. As expected, the time
response of this M-6b 90 mm-membrane (Fig. 8C and F) was notably
shorter than that of the corresponding M-6b 180 mm-membrane.
In this study, we have described a useful procedure to obtain a
water-swollen photocrosslinked membrane containing acid chlo-
ride groups capable of reacting with sensing molecules containing
adequate functionalities, such as hydroxyl groups. The functional-
ization of M-Cl membrane was carried out using three derivativesiperazine-naphthalimide derivatives in solution (A) and for functionalized membranes
n respectively).
Fig. 7. Dependence of absorbance and Fluorescence emission wavelengths maxima of naphthalimide derivative 5b and the membrane M-5b on the empirical solvent polarity
parameter, ET (30). Solvents: 1. Hexane, 2. Toluene, 3. Diethyl ether, 4. Dioxane, 5. THF, 6. Ethyl acetate, 7. Chloroform, 8. Acetone, 9. Acetonitrile, 10.2-propanol, 11. Butanol, 12.
Ethanol, 13. Methanol.
Fig. 8. Time response to pH of the functionalized membranes: Absorbance (A) and ﬂuorescence (D) to acid media (pH ¼ 2.0), absorbance (B) and ﬂuorescence (E) to basic media
(pH ¼ 12.0) and effect of the membrane thickness in time response to acid media in absorbance (C) and ﬂuorescence (F).
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that had been previously synthetized and spectrophotometrically
characterized as a function of pH variations. The dependence of the
pH sensitivity was related to the size and structure of the
piperazine-naphthalimide substituents linked to the membrane.
The solid sensors functionalized with naphthalimides acted as an
acid sensor with interesting ranges of sensitivity to pH changes,
from 9.0 to 4.0, which are adequate for medical and environmental
sensing applications.
4. Conclusions
In summary, we have developed a procedure to obtain, using aphotopolymerization reaction, water-swollen membranes capable
of functionalization with naphthalimide ﬂuorescence sensors and
with a pH response.
The obtained results in the synthesis of the series of substituted
piperazine naphthalimide derivatives carried out in this work
suggested that microwave-assisted syntheses led to higher yields
within very short reaction times in comparison to the conventional
methods.
The new solid sensors exhibited controlled swelling in water
(30%) and sensitive ﬂuorescence changes towards pH between 9.0
and 4.0, and showed a very strong ﬂuorescence at pH < 5.0.
The time response of the functionalized membranes to pH is
dependent on the thickness of the membrane, the size of the
S. Fernandez-Alonso et al. / Polymer 124 (2017) 139e150150substituents and the naphthalimide position of linkage to the
membrane. The pH induced ﬂuorescence signal of the solid sensors
is reversible and several cycles of enhancement/quenching of
ﬂuorescence were successfully carried out without a noticeable
hysteresis effect.
The present functionalized membranes could be applied as “Off-
On” pH-ﬂuorescence sensor in medical and environmental appli-
cations with satisfactory results.
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A B S T R A C T
A Selective ﬂuorescence solid sensor for Hg2+ detection in aqueous solution (M-MBZN) has been developed by
grafting N-(2-hydroxyethyl)-4-(4-(1H-benzo[d]imidazol-2-yl)methyl) piperazine-1-yl)-1,8-naphthalimide
(MBZN) to a photo-crosslinked M-Cl membrane reaction through the acid chloride groups. The resulting
ﬂuorescence sensor undergoes ﬂuorescence enhancement upon binding mercuric ions which provokes a photo-
induced electron transfer (PET) inhibition process from the piperazine to the naphthalimide moiety. Various
photochemical parameters were determined by using pH-dependent absorption and ﬂuorescence spectroscopies
as well as the selective detection of Hg2+. The sensing membrane possesses a switchable “turn-on” ﬂuorescence
response to Hg2+ in pure water; it is easy to use and reusable and shows high selectivity and sensitivity.
1. Introduction
The selective and sensitive detection of low concentrations of
Mercury (II) in aqueous media is essential because it is a highly toxic
and dangerous heavy metal with a lethal eﬀect on the environment and
living organisms [1,2]. Thus, a convenient, rapid, highly sensitive and
in-situ detection of Hg2+ is highly desirable.
There are several classical mercury quantitative analytical methods
for water samples including colorimetry [3], inductively coupled
plasma mass spectrometry (ICP-MS) [4], atomic ﬂuorescence spectro-
scopy (AFS) [5], atomic absorption spectroscopy [6], X-ray absorption
spectroscopy [7,8] and electrochemical techniques [9]. Even though
these techniques are sensitive, selective, and accurate for Hg2+ detec-
tion, most of them are time-consuming, require sophisticated instru-
ments and are inappropriate for on-line or ﬁeld monitoring.
Relative to the mentioned methods, the ﬂuorescence technique has
the advantages of higher sensitivity, simplicity and lower cost for the
monitoring of metal ions. Chemical sensing of Hg2+ with all types of
ﬂuorescent probes, via Hg2+-induced changes in ﬂuorescence, has at-
tracted much attention and has become a very active ﬁeld of research
[10]. Fluorescent probes for Hg2+ described in the literature are mainly
based on the eﬀective quenching of a ﬂuorescence “turn-oﬀ” by Hg2+
ions [11–13], even though the quenching of the ﬂuorescence signal is
not as sensitive as a ﬂuorescence enhancement signal. Therefore, much
attention had been paid recently to the development of Hg2+ “oﬀ-on”
ﬂuorescent probes [14–17].
Derivatives of 1,8-naphthalimide have numerous applications in a
variety of diﬀerent areas as ﬂuorescent probes because they have been
recognized for excellent photophysical properties with excellent stabi-
lity, visible excitation and emission exhibiting high ﬂuorescence
quantum yields and large Stokes' shift that minimize the eﬀects of the
background ﬂuorescence. Among most of the reported naphthalimide
derivatives as ﬂuorescent probes for Hg2+, the recognition group was
linked to the 4-position of the naphthalene ring [14,17–19]. In this
study we designed a sensor MBZN (Fig. 1) by incorporating a (benzi-
midazolyl)methyl-piperazine substituent in the position 4 of N-(2-hy-
droxyethyl)-1,8-naphthalimide, in which this benzimidazol structure
linked to an piperazine by a methylene spacer is responsible for the
speciﬁc recognition of Hg2+ ions by forming a stable complex structure
of the Hg-MBZN that resulted in strong ﬂuorescence in the presence of
Hg2+.
The use of polymeric solid supports containing organic structures
capable of acting as sensors against the presence of metals [20–22] in
the medium are very useful in the applied point of view and, in parti-
cular, on-site detection of Hg2+ ions. However, only very few sensors
for Hg2+ based on covalently bonded probes onto the support matrixes
have been reported [18,23–26]. In a recent publication [27] we pre-
pared a photo-crosslinked membrane containing acid chloride groups
(M-Cl) capable of functionalization with hydroxy derivatives of naph-
thalimides in a second step. In this work, we designed a novel
https://doi.org/10.1016/j.snb.2018.05.030
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functionalized membrane (Fig. 1) with the proposed naphthalimide
graphed to the structure M-MBZN for one-step ﬂuorescence assay to
detect Hg2+ ions in environmental water samples.
2. Experimental
2.1. Materials and reagents
All materials and solvents were commercially available and used as
received, unless otherwise indicated. The materials included: sodium
hydroxide (Panreac, 98–100.5%), hydrochloric acid (VWR Chemicals,
37%), ultrapure MilliQ water (Millipore), 4-bromo-1,8-naphthalic an-
hydride (Aldrich, 95%), 2-aminoethanol (Aldrich, 99%), 2-(chlor-
omethyl)benzimidazole (Aldrich, 98%), piperazine (Aldrich, 98%),
Irgacure 2959 photoinitiator (BASF), triethylamine (Aldrich, ≥99%),
coumarin-6 (Aldrich, 98%) and dimethylsulfoxide-D6 (Euriso-top,
99.8%-D). All metal salts and solvents employed in this work were
purchased from Aldrich. Also, monomers, 1-vinyl-2-pyrrolidone, butyl
acrylate and ethylene glycol dimethacrylate and methacryloyl chloride
were supplied by Aldrich and distilled under vacuum prior to use.
2.2. Spectroscopic characterization and thermal analysis
Attenuated Total Reﬂectance/FT-Infrared Spectroscopy (ATR-FTIR)
were obtained using a PERKIN ELMER BX-FTIR Spectrometer coupled
with a MIRacle™ATR accessory, from PIKE Technologies.
UV spectroscopy was carried out in a PERKIN ELMER Lambda 35
spectrometer. The assessment of naphthalimide content was made in
quintuplicate for each material.
Fluorescence spectroscopy was measured on a Perkin Elmer LS-55
Fluorescence Spectrometer. Fluorescence emission spectra of the probe
were recorded by excitation at the isosbestic wavelength of 405 nm
(Table 1). All the spectra were corrected using the response curve of the
photomultiplier. The ﬂuorescence quantum yields (ϕF) were measured
relatively to Coumarin 6 (ϕF= 0.78 in ethanol) [28].
In the case of the M-MBZN membrane, ﬁlms were cut into strips of
1× 4 cm and ﬁxed in a homemade support that can also be slotted into
the cell holder of the spectrophotometers. Film strips were immersed in
previously prepared vials containing solutions of ﬁxed concentrations
of Hg2+ or other metal ions (Na+, K+, Mg2+, Ca2+, Mn2+, Fe3+, Co2+,
Ni2+, Zn2+, Al2+, Pb2+, Ag+, Cu2+). The UV/Vis and ﬂuorescence
spectra for each Hg2+ concentration were taken after 20min of con-
ditioning time in order to obtain a stable ﬂuorescence signal.
Nuclear magnetic resonance, 1H- and 13C NMR spectra were re-
corded on a Varian-Mercury 400MHz and a Bruker 300MHz Nuclear
Magnetic Resonance Spectrometers using DMSO-d6 as the solvent. 1H
Fig. 1. Synthesis of the photo-crosslinked membrane containing acid chloride groups (M-Cl) and functionalization with N-(2-hydroxyethyl)-4-(4-(1H-benzo[d]
imidazol-2-yl)methyl)piperazine-1-yl)-1,8-naphthalimide (M-MBZN).
Table 1
Parameters determined by UV-VIS absorption and ﬂuorescence spectroscopiesa
related to titration of Hg2+ cations and pH-dependence for MBZN naphthali-
mide in solution and M-MBZN membrane sensorb.
Parameter MBZN M-MBZN
λABS-neutralc 407 nm 407 nm
Log εneutrald 3.98 –
λABS-acidc 390 nm 390 nm
Log εacidd 4.0 –
λIsobestic 405 nm 405 nm
λFLU-neutrale 535 nm 512 nm











Hg2+: Working range of pH – 5.5–8.0
Hg2+: LOD- Detect. limit
(M)i
7.3× 10−8 2.5× 10−6




– 10min (40 μm); 18min (80 μm);
25min (180 μm)
a Measured at 10−5 M in water-ethanol (4:1, v/v) unless speciﬁcally stated
otherwise.
b Membrane thickness 80 μm and content of MBZN:1.6×10−4 M.
c The subscripts “acid” and “neutral” refer to the limiting value of a given
parameter in strong acid (pH=2.0) or neutral (pH=7.0) media, respectively.
d ε, molar absorptivity in M−1 cm−1.
e Fluorescence emission spectra were obtained by excitation at
λIsobestic = 405 nm.
f Obtained [31] by analyzing the pH dependence of the absorbance (A) or
emission intensity (I) at a given wavelength according to the equation log
[(Aacid−A)/(A−Abase)]= pH− pKa or log[(IFLU-acid− I)/(I− IFLU-
base)]= pH− pKa*.
g Relatively to Coumarin 6 (ϕF= 0.78 in ethanol).
h Stokes shift (νFLU-νABS) in frequency (cm−1).
i LOD=3SD/s, where SD is the standard deviation of 10 measurements of
the blank sample and s is the slope of the calibration curve in the region of low
analyte content.
j Hg2+-induced ﬂuorescence enhancement of naphthalimide, factor
FE=AFLU-Hg(max.)/AFLUabsenceHg.
k Data from Fig. 6B.
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NMR and 13C NMR chemical shifts were referenced to DMSO-d6 (2.5
and 39.52 ppm, respectively) as standard.
Mass Spectra (MS) were recorded under electron impact (EI) con-
dition on a HP 5973-MSD spectrometer.
Thermogravimetric Analysis (TGA) was carried out in a TGA Q-500
TA Instruments coupled to a Pfeiﬀer Vacuum ThermoStar™ mass
spectrometer.
Elemental analysis (EA) was carried out on a Carlo Erba EA1108
elemental analyzer (% of C, H, N).
2.3. Swelling ratio and pH measurements
Swelling degree (SD) in water and THF of the crosslinked mem-
branes were measured by immersing dried and weighed sample ﬁlms
(Wd) into deionized water or THF at 30 °C for 24 h. The SD were cal-
culated as follows: SD (%)= ((Ws–Wd)/Wd)× 100, where Ws and Wd
are the weight of the swollen and dry sample, respectively.
The pH of the solutions were measured with a Mettler Toledo
SevenGo Duo Pro meter coupled with an InLab Expert Pro ISM-ID67
electrode at room temperature (23 °C) and previously calibrated with
standard buﬀers.
2.4. Microwave and UV irradiation equipment
The microwave equipment used in this work was an Anton Paar
Monowave™ 300 microwave synthesis reactor provided with an in-
frared sensor (IR pyrometer). All reactions were performed in pressure-
resistant 30-mL test tubes sealed with silicon septum and using a
magnetic stirring bar.
The photopolymerization reactions were carried out in a Biolink™
BLX-365 type Bio-link apparatus (Vilbert Lourmat™).
2.5. Synthesis
The synthesis procedure for the ﬂuorescence probe N-(2-hydro-
xyethyl)-4-(4-(1H-benzo[d]imidazol-2-yl)methyl)piperazine-1-yl)-1,8-
naphthalimide (MBZN) is shown in Fig. 2.
Synthesis of N-(2-hydroxyethyl)-4-(4-(1H-benzo[d]imidazol-2-yl)
methyl) piperazine-1-yl)-1,8-naphthalimide (MBZN)
Compound 2 and 3 were synthesized from 4-bromo-1,8-naphthalic
anhydride (compound 1) following the procedures (Fig. 2) described
previously in the bibliography [24,29]. MBZN was synthetized in a
pressure-resistant microwave test tube where compound 3 (0.20 g,
0.624mmol), 2-(chloromethyl)benzimidazole (0.104 g, 0.624mmol)
and triethylamine (88 μL, 0.624mmol) were mixed in 2-methox-
yethanol (10mL) and heated at 130 °C in argon atmosphere under
stirring (600 rpm) for 1 h. The mixture was poured into diethyl ether
and the unreacted precipitated product was ﬁltered. The solvent was
evaporated under reduced pressure, and 200mL of water was added.
The mixture was stirred 15min and the residue ﬁltered and identiﬁed
as the desired product. Yield: 66%. M.p.: 152.60 ± 2 °C. 1H NMR
(400MHz, DMSO-d6) δ 12.37 (s, 1H), 8.44 (d, J=7.3 Hz, 1H), 8.41 (d,
J=8.5 Hz, 1H), 8.37 (d, J=8.1 Hz, 1H), 7.78 (t, J=7.9 Hz, 1H), 7.58
(d, J=7.4 Hz, 1H), 7.47 (d, J=7.4 Hz, 1H), 7.32 (d, J=8.2 Hz, 1H),
7.15 (t, J=7.7 Hz, 2H), 4.79 (s, 1H), 4.13 (t, J=6.5 Hz, 2H), 3.89 (s,
2H), 3.67–3.56 (m, 2H), 3.27 (s, 4H), 2.82 (s, 4H). 13C NMR (101MHz,
DMSO) δ: 163.65, 163.12, 155.48, 151.47, 143.07, 134.39, 132.07,
130.54, 130.39, 129.13, 125.98, 125.24, 122.65, 121.82, 121.00,
118.54, 115.70, 114.95, 111.20, 57.85, 55.57, 52.74, 52.57, 41.62. FT-
IR (wavenumbers, cm−1): νNH,νOH 3255 cm−1; νCeH 2949, 2823 cm−1
aromatic stretch vibration; νC]O 1691, 1644 cm−1; νNeC]O
1614 cm−1; νCeC 1586 cm−1 aromatic ring chain vibrations; νNH
1514 cm−1 ﬂexion. EA: theoretical values: %C 68.56; %H 5.53; %N
15.37; experimental values: %C 68.36; %H 5.59; %N 15.29. EI-MS m/z
calculated for C26H25N5O3: (M+H+) 456.2; found 456.2 (M+).
2.6. Membrane preparation by photopolymerization (M-Cl) and
functionalization with N-(2-hydroxyethyl)-4-(4-(1H-benzo[d]imidazol-2-
yl)methyl)piperazine-1-yl)-1,8-naphthalimide (M-MBZN)
As shown in Fig. 1, a crosslinked membrane (M-Cl) was obtained in
a ﬁrst step by the bulk photopolymerization of a mixture of monomers:
N-vinylpyrrolidone (VP), butyl acrylate (BA), ethylene glycol di-
methacrylate (EGDMMA) as the crosslinking agent and methacryloyl
chloride (MACl) as the reactive monomer following the procedure de-
scribed in a recent publication [24]. In this work, the monomer molar
ratio of the feed mixture was VP:57.5/BA:37.5/MACl:5/EGDMMA:5
and the photoinitiator (Irgacure 2959) was added to the mixture at 1%
(w/w). After 40min of irradiation at 365 nm (dose 20 J cm−2), the
transparent crosslinked membrane was demoulded, conditioned (12 h)
at room temperature under argon atmosphere, washed several times
with ethanol and dried under vacuum at 40 °C to remove the un-reacted
monomers. The presence of acid chloride was conﬁrmed by ATR-FTIR
(wavenumbers, cm−1), νC]O acyl chloride 1795 cm−1; νCeCl 898 cm−1
together with the characteristic co-monomers bands of VP νC]O lactam,
amide-I 1675 cm−1 and BA, νC]O ester 1725 cm−1; νCeO (OeCH2-)
ester 1161 cm−1. The quantitative determination of chlorine in the M-
Cl membrane was carried out by TGA-MS. A content of 1.4% was de-
termined by MS analysis of evolved gas at 175 °C as chlorine (EI-MSm/
z: 36 (Cl)), as it is shown in Fig. S1, (Supporting Information).
In a second step [24], the M-Cl ﬁlm was cut into strips (1× 4 cm)
and functionalized in heterogeneous phase with MBZN (Fig. 1). The M-
Cl membrane was placed in an ace round-bottom pressure ﬂask with
20mL of THF. 10mg of MBZN were added under argon atmosphere.
The mixture was heated at 55 °C for 15 h. After this reaction time, the
corresponding modiﬁed membrane (M-MBZN) was washed with cold
Fig. 2. Reaction pathway for the microwave (MW) synthesis of N-(2-hydroxyethyl)-4-(4-(1H-benzo[d]imidazol-2-yl)methyl) piperazine-1-yl)-1,8-naphthalimide
(MBZN).
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ethanol and with water thrice in order to remove the unreacted acid
chloride groups and the unreacted naphthalimide. The hydrolysis re-
action of unreacted acid chloride groups was conﬁrmed by ATR-FTIR
and by TGA-MS by the disappearance of the characteristic peaks of acid
chloride (Fig. S1). The content of naphthalimide was quantitatively
determined by UV–vis spectroscopy.
3. Results and discussion
3.1. Synthesis of MBZN, preparation of M-MBZN membrane and
characterization
The synthetic route to obtain N-(2-hydroxyethyl)-4-(4-(1H-benzo[d]
imidazol-2-yl)methyl)piperazine-1-yl)-1,8-naphthalimide (M-MBZN) is
shown in Fig. 2. Compounds 2 and 3 were formed in 90% and 64%
Fig. 3. Absorption and ﬂuorescence spectra of MBZN (A,C) at a concentration of 10−5 M in water:ethanol 4:1 (v/v) and M-MBZN (B,D) containing 1.6×10−4M of
bonded naphthalimide in buﬀered water (pH=7.0) in the presence of increasing concentrations of Hg2+ 0–3 equiv. (E) Fluorescence emission intensity change with
−log[Hg2+]. (F) Job́s plot showing the stoichiometry of MBZN-Hg complex in buﬀered water.
Fig. 4. Proposed reversible binding mode with Hg2+ together with partial 1H NMR of MBZN in DMSO at 25 °C: (a) in the absence and (b) after addition of 1 equiv. of
Hg2+.
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yields in 2 and 1 h, respectively, using literature procedures [18,27,29]
modiﬁed to carry out the reactions under microwave radiation from the
4-bromo-1,8-naphthalic anhydride (1). Compound 3 was then reacted
under MW with 2-(chloromethyl)benzimidazole in basic medium in the
presence of triethylamine at 130 °C as described before (see Experi-
mental section 2.5). After 60min of reaction time under MW, MBZN as
a yellow precipitate was obtained in 66% yield. An acrylic membrane
containing acid chloride functionalities (M-Cl) was obtained by pho-
topolymerization as described previously [24] by thorough mixing of
the hydrophilic monomer VP (57.5%) with the hydrophobic nature of
BA (37.5%) and adding MACl (5%) as the reactive monomer for func-
tionalization. After the bulk photopolymerization (conversion>98%),
a reversible water-swollen crosslinked acrylic membrane was produced
(Fig. 1) with a 1.4% of chlorine content in the structure as expected by
the composition feed and conﬁrmed by TGA-MS (Fig. S1, Supplemen-
tary data). Finally, the M-Cl membrane was successfully functionalized
[24] with the naphthalimide derivative MBZN (Fig. 1) by conventional
heating in THF at 55 °C for 15 h. The amount of naphthalimide bonded
to the M-MBZN membrane was determined spectrophotometrically
(1.6× 10−4 M) at the peak maximum of the absorption band (407 nm)
and using the absorption coeﬃcient of MBZN in water:ethanol (4:1 w/
w) (ε407= 9.55×103mol−1l cm−1) previously calculated (Table 1).
The thermal stability of the M-Cl and M-MBZN membranes were
evaluated using TGA and Table S1 (Supplementary data) shows char-
acteristic weight loss temperatures (T5 and T10, respectively). For both
membranes two peaks were observed (Fig. S1). The highest weight loss
rate that was observed at 411 °C corresponds to the degradation of
acrylic components of the membrane and the second one observed at
438 °C has been attributed [30] to the lactam subgroup degradation.
Also, the degree of swelling in water of both membranes (Table S1)
was approx. SD=31% conﬁrming the hydrophilic character of the
membranes and the adequate swelling for solid sensors in water. The SD
value of the M-MBZN in THF (61.5%) is higher than that of the M-Cl
membrane (47.1%) indicating the strong inﬂuence of the naphthali-
mide derivative in the SD in organic solvents, even at this low naph-
thalimide content in the membrane.
The cross-linked hydrophilic membrane M-MBZN obtained in this
work was capable of swelling or de-swelling reversibly in water and
retaining a controlled and reproducible volume of liquid in the swollen
state. This behaviour, as will be seen in the next section, allowed
controllable responses to external concentrations of Hg2+ cations.
3.2. Spectroscopic characteristics of MBZN and M-MBZN. Eﬀect of pH
Table 1 presents the spectral characteristics of MBZN and the cor-
responding functionalized membrane M-MBZN in water-ethanol (4:1,
v/v) such as, absorption (λABS) and ﬂuorescence (λFLU) maxima in acid
(pH=2.0) and neutral media (pH=7.0), the corresponding absorp-
tion coeﬃcient (logε), Stokes shift (Δν), and quantum yields of ﬂuor-
escence (ϕFLU).
The spectral characteristic of MBZN and M-MBZN displayed similar
pH-dependence in all the studied media as can be seen from the values
listed in Table 1. The low ﬂuorescence emission of MBZN and M-MBZN
in all the studied solvents can be attributed to an eﬃcient PET process
(Fig. 3) that takes place between the photoexcited 1,8-naphthalimide
and the lone-pair electrons of the nitrogen of the piperazine substituent.
The pKa values of MBZN and the functionalized membrane M-MBZN
were calculated [31] from the curves of absorption changes (Fig.S2) in
Fig. 5. (A) Reversibility for the M-MBZN membrane sensor. (B) pH-eﬀect on the ﬂuorescence intensity of M-MBZN and M-MBZN-Hg complex in water.
Fig. 6. Metal ion selectivity of the M-MBZN membrane (A) containing 1.6× 10−4M of bonded MBZN. (B) Time response for the ﬂuorescence emission to Hg2+ for M-
MBZN membranes of diﬀerent thickness. F0 and F are the ﬂuorescence intensities in the absence of Hg2+ and that after the addition of 1 equiv. of Hg2+, respectively.
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the presence of increasing pH from 2.0 to 12.0. The protonation of the
benzimidazole structure of MBZN (pKa=5.3) takes place at a lower pH
than the 2-methyl benzimidazole structure [32], pKa= 6.1, allowing
the use of this structure as a sensor for Hg2+ cations in neutral of basic
water media as we will see in the next section.
3.3. Sensitivity of MBZN and M-MBZN in Hg2+sensing
Fig. 3 shows the absorption and ﬂuorescence spectra of the MBZN
(water:ethanol 4:1,v/v) (A and C) and M-MBZN (B and D) in buﬀered
water (pH=7.0) upon addition of diﬀerent concentrations of Hg2+.
With the increase of Hg2+ concentration, the relative ﬂuorescence in-
tensities were drastically enhanced caused by Hg2+ interaction and the
formation of a MBZN-Hg complex, which constituted the basis for the
determination of Hg2+ concentrations with the MBZN-sensor.
The comparative increase of ﬂuorescence for MBZN and the mem-
brane M-MBZN is shown in Fig. 3E. The binding stoichiometry 1:1 for
the MBZN-Hg complex was conﬁrmed by the Job́s plot shown in Fig. 3F
in which the maximum ﬂuorescence signal was observed at the Hg2+
mole fraction value of 0.5.
The association constants Ka of the MBZN-Hg and M-MBZN-Hg
complexes were then calculated to be 9657M−1 and 3627M−1, re-
spectively, by the ratio intercept/slope (Fig.S3) of the corresponding










K (F F )[Hg ]
1
F F0 a max 0 2 max 0 (1)
where Fmax, F, and F0 are ﬂuorescence intensities of MBZN or M-MBZN
in the presence of Hg2+ at saturation, any intermediate Hg2+ con-
centration, and free sensor, respectively.
The limit of detection (LOD) was calculated by the following
equation: LOD=3×SD/s, where SD is the standard deviation of 10
measurements of the blank and s is the slope of plot of ﬂuorescence
intensity as a function of the Hg2+ concentrations in the region of low
analyte content. The calculated values of LOD are shown in Table 1,
7.3× 10−8M and 2.5× 10−6M for MBZN and M-MBZN, respectively.
Compared with the previously reported values of Hg2+-ﬂuorescence
sensors, the LOD of M-MBZN membrane presented here is lower or in
the same range [18,14].
3.4. Binding mode MBZN with Hg2+ ion, reversibility and pH stability of
the MBZN-Hg complex
NMR studies provided direct evidence of MBZN-Hg interactions. As
shown in Fig. 4, 1H NMR spectra show the displacement of the (ben-
zimidazolyl)methyl-piperazine protons Fig. 4(a) in the presence of
Hg2+, Fig. 4(b): the protons of the methylene bridge from 3.89 (2H-10)
ppm to 4.45 (1H-10) and 3.96 (1H-10) and the protons of the piper-
azine from 2.82 (4H-9) to 3.07 (4H-9). Also, the Hg2+ complexation
induced an increase of the electron density of the benzimidazolyl group
resulting a downﬁeld shift of the aromatic H-11, H-12 and H-13 pro-
tons. The NH peak of the benzimidazole ring also was displaced from
12.37 ppm to 14.21 in the complex.
The reversibility of the Hg2+ induced ﬂuorescence signal of the M-
MBZN membrane was evaluated by alternating its immersion in solu-
tions of blank buﬀered solution (pH]7.0) until the ﬂuorescence in-
tensity of the membrane reached again the original low value prior to
the next measurement and water buﬀered Hg2+ solution. Previously to
each cycle the membrane should be washed with HCl solution (pH]
1.0) since the reversibility is probably caused by the protonation of the
piperazine of the MBZN structure resulting in the release of the Hg2+ at
higher acidity. Ten successive cycles were carried out as it is shown in
Fig. 5A for the membrane sensor.
As shown in Fig. 5(B), the MBZN-Hg complex produced in the
membrane sensor exhibits stability of the ﬂuorescence emission in the
range of pH 2.0–7.5. The decrease in ﬂuorescence emission upon pH
values higher than 7.5 might be attributed to the formation of Hg(OH)
[34] and the rapid decrease at pH values lower than 2.0, due to the
destruction of the Hg2+ complex by the protonation of the piperazine.
These results show that the M-MBZN membrane is a fully reversible
sensor for the detection of Hg2+ in water which is adequate for real
environmental applications and biological samples [35].
3.5. Selectivity of M-MBZN membrane sensor to Hg2+ with various cations
and time response to detection
To investigate the selectivity of the sensor towards Hg2+ ions, the
ﬂuorescence of M-MBZN (with a bonded content of MBZN of
1.6×10−4M) and 1 equiv. of other metal ions were studied (Fig. 6A).
The competition experiments show no signiﬁcant variation in the
ﬂuorescence emission at 512 nm conﬁrming the excellent selectivity of
the membrane sensor.
Fig. 6. Fluorescence analysis indicated that the recognition inter-
action between MBZN and Hg2+ was accomplished immediately by
simply shaking for a few seconds. In contrast, the M-MBZN membrane
sensor exhibits a time response which is dependent upon the metal ion
permeability into the photo-crosslinked material and their thickness. To
see the inﬂuence of the membrane thickness in the time response to the
Hg2+ of the M-MBZN membrane sensor (Fig. 6B), we prepared another
two membranes under the same experimental conditions but with 40
and 180 μm of thickness.
4. Conclusions
The novel water-swollen photo-crosslinked membrane sensor M-
MBZN with pendant highly Hg2+-selective “turn-on” 1,8-naphthali-
mide-type probe MBZN was developed and based on a speciﬁc Hg2+-
interaction with the (benzimidazolyl)methyl-piperazine substituent in
the 4-position. The membrane sensor exhibited a 3fold increase in
ﬂuorescence intensity towards Hg2+ ions over other metal ions in pure
water solution over a wide pH range. Also, M-MBZN shows a reversible
behaviour which is an important feature for many applications. The
new solid sensor reported here meets the requirements of ﬂuorescence
detection of Hg2+ ions and oﬀers great potential for the further fabri-
cation of an economical on-site tool for the detection of Hg2+ in aqu-
eous environments.
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